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PREFACE
TO

THE FIRST EDITION.

The work here offered to the Public is based upon

and may be considered as an extension, and, it is

hoped, an improvement of a treatise on the same

subject, forming Part 43. of the Cabinet Cyclopeedia,

published in the year 1833. Its object and general

character are sufficiently stated in the introductory

chapter of that volume, here reprinted with little

alteration
; but an opportunity having been afforded

me by the Proprietors, preparatory to its re-appear-

ance in a form of more pretension, I have gladly

availed myself of it, not only to correct some errors

which, to my regret, subsisted in the former volume,

but to remodel it altogether (though in complete

accordance with its original design as a work of ex-

planation)
; to introduce much new matter in the

earlier portions of it ; to re-write, upon a far more
matured and comprehensive plan, the part relating

to the lunar and planetary perturbations, and to
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bring the subjects of sidereal and nebular astronomy

to the level of the present state of our knowledge in

those departments.

The chief novelty in the volume, as it now stands,

wiU be found in the manner in which the subject of

Perturbations is treated. It is not— it cannot be

made elementary^ in the sense in which tliat word is

understood in these days of light reading. The chap-

ters devoted to it must, therefore, be considered as

addressed to a class of readers in possession of some-

what more mathematical knowledge than those who

will find the rest of the work readily and easily ac-

cessible ; to readers desirous of preparing themselves,

by the possession of a sort of carte du pays, for a

campaign in the most difficult, but at the same time

the most attractive and the most remunerative of aU

the applications of modem geometry. More espe-

cially they may be considered as addressed to students

in that university, where the "Principia" of Newton

is not, nor ever wiU be, put aside as an obsolete

book, behind the age ; and where the grand though

rude outlines of the lunar theory, as delivered in the

eleventh section of that immortal work, are studied,

less for the sake of the theory itself, than for the

spirit of far-reaching thought, superior to and dis-

encumbered of technical aids, which distinguishes

that beyond any. other production of the human in-

tellect.

In delivering a rational as distinguished from a

technical exposition of this subject, however, the

course pursued by Newton in the section of the

" Principia" alluded to, has by no means been servilely
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followed. As regards the perturbations of the nodes

and inclinations, indeed, nothing equally luminous

can ever be substituted for his explanation. But as

respects the other disturbances, the point of view

chosen by Newton has been abandoned for another,

which it is somewhat difficult to perceive why he did

not, himself, select. By a diiFerent resolution of the

disturbing forces from that adopted by him, and by
the aid of a few obvious conclusions from the laws

of elliptic motion which would have found their

place, naturally and consecutively, as corollaries of

the seventeenth proposition of his first book (a pro-

position which seems almost to have been prepared

with a special view to this application), the moment-

ary change of place of the upper focus of the dis-

turbed ellipse is brought distinctly under inspection
;

and a clearness of conception introduced into the

perturbations of the excentricities, perihelia, and

epochs which the author does not think it presump-

tion to believe can be obtained by no other method,

and which certainly is not obtained by that from

which it is a departure. It would be out of keeping

with the rest of the work to have introduced into

this part of it any algebraic investigations ; else it

would have been easy to show that the mode of pro-

cedure here followed leads direct, and by steps (for

the sabject) of the most elementary character, to the

general formulte for these perturbations, delivered

by Laplace in the M^canique Celeste.*

The reader will find one class of the lunar and
planetary inequalities handled in a very different

* Livre ii. chap. viii. art. 67.
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manner from that in whicli their explanation is usu-

ally presented. It comprehends those which are

characterized as incident on the epoch, the principal

among them being the annual and secular equations

of the moon, and that very delicate and obscure part

of the perturbational theory (so little satisfactory in

the manner in -which it emerges from the analytical

treatment of the subject), the constant or permanent

effect of the disturbing force in altering the disturbed

orbit. I will venture to hope that what is here

stated will tend to remove some rather generally

diffused misapprehensions as to the true bearings of

Newton's explanation of the annual equation.*

If proof were wanted of the inexhaustible fertility

of astronomical science in points of novelty and in-

terest, it would suffice to adduce the addition to the

list of members of our system of no less than eight

new planets and satellites during the preparation of

these sheets for the press. Among them is one

whose discovery must ever be regarded as one of the

noblest triumphs of theory. In the account here

given of this discovery, I trust to have expressed

myself with complete impartiality ; and in the ex-

position of the perturbative action on Uranus, by

which the existence and situation of the disturbing

planet became revealed to us, I have endeavoured,

in pursuance of the general plan of this work, rather

to exhibit a rational view of the dynamical action,

than to convey the slightest idea of the conduct of

those masterpieces of analytical skill which the re-

searches of Messrs. Leverrier and Adams exhibit.

• Principia, lib. i. prop, 66. cor. 6.
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To the latter of these eminent geometers, as well

as to my excellent and esteemed friend the Astro-

nomer Eoyal, I have to return my best thanks for

communications which would have effectually re-

lieved some doubts I at one period entertained had

I not succeeded in the interim in getting clear of

them as to the compatihility of my views on the

subject of the annual equation already alluded to,

with the tenor of Newton's account of it. To my
valued friend, Professor De Morgan, I am indebted

for some most ingenious suggestions on the subject

of the mistakes committed in the early working of

the Julian reformation of the calendar, of which I

should have availed myself, had it not appeared pre-

ferable, on mature consideration, to present the sub-

ject in its simplest form, avoiding altogether entering

into minutiae of chronological discussion.

J. F. W. Herschel.

Collingvrood, April 12. 1849.

*





PREFACE
TO

THE FIFTH EDITION.

The rapid progress of science renders it necessary
frequently to revise and bring up elementary works
to the existing state of knowledge, under penalty of
their becoming obsolete. In former editions of this
work, this has been done, so far as it could be done
without incurring the necessity of an almost total
typographical reconstruction. But Astronomy, with-m the last few years, has been enriched by so many
and such considerable additions, that it has been
considered preferable (another edition being caUed
for), not indeed to recast the general plan of the
work, but to incorporate these in it in due order and
sequence, thereby materially enlarging the volume,
and givmg it in many respects the air of a new work.
The articles thus introduced are distinguished from
those of the former editions between which they have
been mserted by the addition to the last current
number of an italic letter— thus, between Arts.



xiv PEEFACE TO

394. and 395. will be found inserted 394. a, 394. b,

and 394. c. The enclosure of any passage in brackets

r ] indicates its having been introduced in the Fourth

or some subsequent Edition. The index references m

this as in former editions, being to the articles and not

to the pages, are thus preserved. Together with these

recent accessions to our knowledge, I have taken the

opportunity of introducing several things which

might justly have been notedas deficient in the former

editions, - as, for instance, the account of the me-

thods by which the mass of the Earth has been de-

termined, and that of the successful treatment and

it is presumed final subjugation, of those rebelhous

ancient Solar Eclipses which have so much harassed

astronomers. A brief account of M. Foucault s re-

markable pendulum experiments, and of that beau-

tiful instrument, the gyroscope, is introduced: as are

also notices of Professor Thomson's speculations on

^he origin of the Sun's heat, and his estimate of its

average expenditure, as well as of some curious views

of M Jean Reynaud, on the secular variation of

our climates, supplementary to those put forward m

former editions of this work. I could have wished

that its nature and limits would have permitted some

account of Mr. Cooper's magnificent contributions to

sidereal astronomy, in his catalogue of upwards of

60,000 previously unregistered ecliptic stai-s; of Mr.

Bishop's ecliptic charts and those of M. Chacornac;

of Mr. Carrington's elaborate circumpolar catalogue •,

and of Mr. Jones's immense work on the zodiaca

light, forming the third volume of the account of the
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United States' Japan Expedition, which reached me
too late to allow of drawing up a fitting analysis of

his results. These gentlemen will severally please to

accept, however, this respectful tribute of ray ad-

miration for their important labours. Some new
speculations are also hazarded

;
as, for instance, on

the subject of the Moon's habitability, the cause of

the acceleration of Encke's comet, &c., and a few

numerical errors are corrected which have hitherto

escaped notice and public comment as blemishes,—as

for example, in some of the numbers in Art. 422. in

the explanation of the phaanomena of a lunar eclipse,

m the evaluation of the total mass of the atmosphere.

Art. 242., and in the distance of the Moon, Art. 403.

(for which, however, I am not answerable).

Jn the numerical statement of special astronomical

elements, it is unavoidable that slightly different

values of the same quantity should from time to time

come to be substituted for those before received, as

its determination acquires additional exactness. To
have altered the figures in such cases wherever they
occur, throughout the letter-press, would have en-
tailed a great probability of error and confusion

;
and,

as the Synoptic Tables of astronomical elements at
the end of the work have been carefully revised in

conformity with the best current authorities, the.

reader is requested, whenever he may observe any
discrepancy of this nature, to prefer the tabulated
values.

Several of the wood-cuts, which were originally
drawn correctly, have been inverted right hand for
left by the engraver. So far as explanation goes,
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this is not of the slightest moment. To a reader in

the Southern Hemisphere, they are right as they

stand ; and one in the Northern has only to imagine

himself so situated.

John F. "W. Herschel.

Collingwood, Feb. 17, 1858.

Note fadded in 1865.) The views of M. Reynaud, above referred to, though

no doubt original on his part, are however completely anticipated by cer^.n

speculations of Sir Charles Lyell, in his " Principles of Geology, (p. 110, Ed

of 1830) expanded and further reasoned out to conclusions iden ical with those

of M. Reynaud, in a paper by the author of the present work, On the Astro-

nomical Causes which may influence Geological Phenomena," read before the

Gedogical Society on December 15th 1830, and published in the Transactions

of that Society, This, however, had completely escaped his recollection when

peru^ng the works of M. Reynaud referred to in the note to Art. 369. c, which

occurin? while the additions to the Fifth Edition were in preparation, with all

the force of novelty, led to their insertion in Art. 369. 6. and to the above notice

of them in the preface.



PEEFACE
TO

THE TENTH EDITION.

SnrcE the publication of the last edition of this work,

the progress of astronomical discovery has been con-

tinuous and rapid; to keep up with Avhich, so far

as consistent with its general object, it has been ne-

cessary to extend some of the Notes added in former

editions and to annex others. Among these recent

additions to astronomical knowledge may be men-

tioned more especially those which relate to the

physical constitution of the central body of our own
system, on which so vast and unexpected an amount
of information has accumulated from various quarters

as to place us at the opening out of a new vista of

solar discovery. Within the limits of our own sys-

tem, too, the meteorites have at length acquired a

firm footing as a distinct group of members, while

their now established and most unexpected connection

with periodic comets in some instances, presents the

latter class of bodies under a new aspect, increasing,

a
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if anything can increase, the mysterious interest which

already hrngs about them. The group of asteroids,

too, has received an accession of no less than fifteen

to their list as it stood at the end of 1866. The

elements of these are given in the Appendix (from

the Berlin 'Ephemeris ' for 1871), so as to complete

the list up to the present time. The correction indi-

cated in a former edition, as required in the distance

of the sun (and by necessary implication in the

dimensions of all the planetary orbits and the mag-ni-

tudes of the sun and planets themselves), has more-

over received an unexpected confirmation from Mr.

Stone's critical re-examination of the calculations of

that distance from the recorded observations of the

celebrated transit of Yenus in 1769, the result of

which is here brought under the notice of our readers.

Bevond the limits of our own system, the apph-

cation of spectrum analysis has disclosed the amazn.g

fact of the gaseous constitution of many of the nebula

(a constitution long suspected on general cosmo-

Lical grounds) : by which is meant thek ana ogy

to^ matter not in that state of luminosity presented by

the photosphere of our sun, but in that in which are

maintained the luminous prominences and append-

acres which fringe its disc in total eclipses, a state to

which the epithet of incandescent-gaseous as distinct

from flame or a state of combustion seems most appro-

priate Thus a real line of demarcation between

iiebute proper and sidereal clusters is decisively

drawn These delicate applications of optical science

to' chemistry have also atforded strong grounds for

concluding with considerable confidence the presence
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of several of our terrestrial elementary bodies in the

sun and fixed stars : while in one instance prismatic

observation ^has afforded, with a certain approach to

probabilit}', evidence of the recess of the most con-

spicuous among them from our system, and even

supplied a measure of its rapidity.

J. F. W. Herschel.

Collingwood, July 17, 1869.
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OUTLINES

OF

A S T R 0 N 0 M Y.

INTEODUCTION.

(1.) Evert student who enters upon a scientific pursuit,

especially if at a somewhat advanced period of life, will find

not only that he has much to learn, but much also to un-
learn. Familiar objects and events are far from presenting
theipselves to our senses in that aspect and with those con-
nections under which science requires them to be viewed, and
which constitute then: rational explanation. There is, there-
fore, every reason to expect that those objects and relations

which, taken together, constitute the subject he is .about to
enter upon will have been previously apprehended by him,
at least imperfectly, because much has hitherto escaped his
notice which is essential to its right understanciing : and not
only so, but too often also erroneously, owing to mistaken
analogies, and the general prevalence of vulgar errors. As a
first preparation, therefore, for the course he is about to
commence, he must loosen his hold on all crude and hastily
adopted notions, and must strengthen himself, by something
of an effort and a resolve, for the unprejudiced admission of
any conclusion which shall appear to be supported by careful
observation and logical argument, even should it prove of a
nature adverse to notions he may have previously fonned for
mmsalf, or taken up, without examination, on the credit of

B
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Others. Such an effort is, in fact, a commencement of that

intellectual discipHne which forms one of the most nnportant

fends of all science. It is the first movement of approach

towards that state of mental purity which alone can fit us lor

a fuU and steady perception of moral beauty as well as physi-

cal adaptation. It is the "euphrasy and rue" with which

we must "purge our sight" before we can receive and con-

template as they are the lineaments of truth and nature.

(2.) There is no science which, more than astronomy,

stands in need of such a preparation, or draws more largely

on that intellectual liberality which is ready to adopt what-

ever is demonstrated, or concede whatever is rendered higWy

probable, however new and uncommon the points of view

may be in which objects the most familiar may thereby be-

come placed. Almost all its conclusions stand m open and

striking contradiction with those of superficial and vulgar

observation, and with what appears to every one, until he

has understood and weighed the proofs to the contrary the

most positive evidence of his senses. Thus, the earth on

Avhich he stands, and which has served for ages as the un-

shaken foundation of the firmest structures, either of .art or

nature, is divested by the astronomer of its attribute of fixity,

and conceived by him as turning swiftly on its centre, and

at the same time moving onwards through space with great

rapidity. The sun and the moon, which appear to untaught

eyes round bodies of no very considerable size, become en-

laro-ed in his imagination into vast globes,- the one ap-

proaching in magnitude to the earth itself, the other im-

mensely surpassing it. The planets, which appear only as

stars somewhat brighter than the rest, are to him spaciou.

elaborate, and habitable worlds; several of them mu.h

greater and far more curiously furnished than the earth he

inhabits, as there are also others less so ;
and the stars them-

selves, properly so called, which to ordinary apprehension

present only lucid sparks or brilliant atoms, are to him suns

of various and transcendent glory -effulgent centi^s of life

and light to myriads of unseen worlds, bo that when, afte

dilating his thoughts to comprehend the grandeur of those
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ideas his calculations have called up, and exhausting his ima-
gination and the powers of his language to devise similes and
metaphors illustrative of the immensity of the scale on which
his universe is constructed, he shi-Inks back to his native
sphere, he finds it, in comparison, a mere point; so lost

even in the minute system to vi'hich it belongs— as to be in-
visible and unsuspected from some of its principal and remoter
members.

(3.) There is hardly any thing which sets in a stronger
light the inherent power of truth over the mind of man,
when opposed by no motives of interest or passion, than the
perfect readiness with which all these conclusions are assented
to as^ soon as their evidence is clearly apprehended, and the
tenacious hold they acquire over our belief when once ad-
mitted. In the conduct, therefore, of this volume, I shall
take it for granted that the reader is more desu'ous to learn
the system which it is Its object to teach, as it now stands,
than to raise or revive objections against it ; and that, in
short, he comes to the task with a wiUIng mind ; an assump-
tion which will not only save the trouble of piling argument
on

^

argument to convince the sceptical, but will greatly
facilitate his actual progress; inasmuch as he will find it at
once easier and more satisfactory to pursue from the outset
a straight and definite path, than to be constantly stepping
aside, involving himself In perplexities and circuits, whlch°
after all, can only terminate in finding himself compelled to
adopt the same road.

(4.) The method, therefore, we propose to follow In thia
work is neither strictly the analytic nor the synthetic, but
rather such a combination of both, with a leaning to the
latter, as may best suit with a didactic composition. Its
object is not to convince or refute opponents, nor to Inquire,
under the semblance of an assumed Ignorance, for. principles
of which we are aU the thne In full possession — but simply
io ^teach what is knotvn. The moderate limit of a single
vo.ume, to which It will be confined, and the necessity of
being on every point, within that limit, rather diffuse and
copious in explanation, as well as the eminently matured and

B e
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ascertained character of the science itself, render this course

both practicable and eligible. Practicable, because there ib

now no danger of any revolution in astronomy, hke those

which are daily changing the features of the less advanced

sciences, supervening, to destroy aU .hypotheses and

throw our statements into confusion. Eligible, because the

space to be bestowed, either in combating refuted systems or

in leading the reader forward by slow and measured steps

from the known to the unknown, may be more advantageously

devoted to such explanatory illustrations as .

J-^
on him a familiar and, as it were, a practical sen=e ot the

sequence of phenomena, and the manner in which they are

nroduced We shall not, then, reject the analytic course

wl er"^^^^^^^ -re easily and directly to our objects, or m

Iny w y fetter ourselves by a rigid adherence to method

WritL only to be understood, and to communicate as much

^flSion in as little space as possible, consistent y with it

distinct and effectual communication, no sacrifice can be

afforded to system, to form, or to affectation.

(5 ) We shall take for granted, from the outset, the bopei

nican system of the world; relying on the easy, obvious, and

"explanation it affords of all the phenomena . they

come to be described, to impress the student with a sense o

ts truth, without either the formahi^
''''"^^^-Z

the superfluous tedium of eulogy, caUmg to mmd that im

oortan remark of Bacon Theoriarum vires arcta et

o i.r e mu uo sustinente partium adaptatione, qu^ quasi xn

quasi se muuuu
# . " „o+ fnilino- however, to point

orbem coherent, firmantur ;
not lailm^, now i

out to the reader, as occasion offers, f^-"^f,^;;^
superior simplicity offers to the comphcation of other hypo-

'^'m The preliminary knowledge which it is desirable that

th ti^nl s'hould posLs, in order for the more advantageou^

perusal of the following pages, consists m the familiar prao-

, - The confirmation of t.eoHes reUcs on

Consilience of inducfions.
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tice of decimal and sexagesimal arithmetic; some moderate

acquaintance with geometry and trigonometry, both plane

and spherical ; the elementary principles of mechanics ; and

enough of optics to understand the construction and use of

the telescope, and some other of the simpler instruments.

Of course, the more of such knowledge he brings to the

perusal, the easier will be his progress, and the more com-

plete the information gained; but we shall endeavour in

every case, as far as it can be done without a sacrifice of

clearness, and of that useful brevity which consists in the

absence of prolixity and episode, to render what we have to

say as independent of other books as possible.

(7.) After all, I must distinctly caution such of my
readers as may commence and terminate their astronomical

studies with the present work (though of such, — at least in

the latter predicament,— I trust the number will be few),

that its utmost pretension is to place them on the threshold

of this particular wing of the temple of Science, or rather on
an eminence exterior to it, whence they may obtain something

like a general notion of its structure
; or, at most, to give

those who may wish to enter a ground-plan of its accesses,

and put them in possession of the pass-word. Admission to

its sanctuary, and to the privileges and feelings of a votary, is

only to be gained by one means,— sound and sufficient know-
ledge of mathematics, the great instrument of all exact inquiry,

without which no man can ever make such advances in this or

any other of the higher depai'tments of science as can entitle

him to form an independent opinion on any subject of discussion

within their range. It is not without an effort that those who
possess this knowledge can communicate on such subjects

with those who do not, and adapt their language and their

illustrations to the necessities of such an intercourse. Pro-
positions which to the one are almost identical, are theorems
of import and difficulty to the other ; nor is their evidence

presented in the same way to the mind of each. In teaching
such propositions, under such circumstances, the appeal has
to be made, not to the pure and abstract reason, but to the
BenBe of analogy— to practice and experience : principles and
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modes of action have to be established not by dkect argument

from acknowledged axioms, but by continually recurring to the

sources from which the axioms themselves ^^-ve been drawn

viz. examples ; that is to say, by brlngmg forward and dwelhn

on simple and familiar instances in which the same principles

and the same or similar modes of action take place: thus

erecting, as it were, in each particular case, a separate mduc-

on ani constructing at each step a little body o science to

meet its exigencies. The difference is that ofP«g a

road through an untraversed country and --^S/^^^J
alone a broad and beaten highway ; that is to say, it we are

det rmined to make ourselves distinctly understood, and will

appeaT to reason^ As for the method of a...r.-n, or a

dlect demand on the faith of the student (though in some

^Zlx cases indispensable, where iUustratlve exp anataon

rilf a its own end by becoming tedious and bur«
Tboth parties), it is one which I shall neither willingly adopt

nnv would recommend to others.

"on the other hand, although it U -et^gjew to

abandon the road of mathematical demonstration m the treat

t: 0? fulieet. ..eeptible of it. and to tea.h an, e^^^^^^^^^

able braneh of science

-'^yfJ "^jf^t^'^m^olible that

In^tratlon and familiar parallels, it is yet nut ^

WX are already .^eU ^V'ftt^Z^^y ^^^
whose knowledgehas been acqniredbyth^^^^^^^^^^^

practice which is—tib^- h„^^^^^^^^
pemsal.-for

present work, may yet find theur accoura v

his reason, that it is always of 5 dit-

body of knowledge to *e
^^^^^ ^Xor^^^o.. of

ferent lights as possible. It is a P'»P="y „ith

tbis kind to strike no two mmds in the same

tbe same force; because no two ^-^^ - ^ .^em by

same images, or have acquired ^"^^^
^^^"^^ ^liat a

^;rr:::e.y.-newa^n—
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up, or even some links supplied whicli may lead to the per-

ception of connections and deductions altogether unknown

before- And the probability of this is increased when, as in

the present instance, the illustrations chosen have not been

studiously selected from books, but are such as have presented

themselves freely to the author's mind as being most in

harmony with his own views ; by which, of course, he means

to lay no claim to originality in all or any of them beyond

what they may really possess.

(9.) Besides, there are cases in the application of mecha-

nical principles with which the mathematical student is but

too familiar, where, when the data are before him, and the

numerical and geometrical relations of his problems all clear

to his conception,— when his forces are estimated and his

lines measured,— nay, when even he has followed up the

apphcation of his technical processes, and fairly arrived at his

conclixsion,— there is still something wanting in his mind—
not in the evidence, for he has examined each link, and finds

the chain complete— not in the principles, for those he well

knows are too firmly established to be shaken— but precisely

in the mode of action. He has followed out a train of rea-

soning by logical and technical rules, but the signs he has

employed are not pictures of nature, or have lost then' ori-

ginal meaning as such to his mind : he has not seen, as it

were, the process of nature passing under his eye in an in-

stant of time, and presented as a consecutive whole to his

imagination. A familiar parallel, or an illustration drawn

from some artificial or natural process, of which he has that

direct and individual impression which gives it a reality and

associates it with a name, will, in almost every such case,

supply in a moment this deficient feature, will convert all his

symbols into real pictures, and infuse an animated meaning

into what was before a Hfeless succession of words and signs.

I cannot, indeed, always promise myself to attain this

degree of vividness of illustration, nor are the points to

be elucidated themselves always capable of being so para~

phrased (if I may use the expression) by any single in-
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Stance adducible in the ordinary course of experience; but

the object wm at least be kept in view ;
and, as I am very

conscious of having, in making such attempts, gamed for

myself much clearer views of several of the more concealed

effects of planetary perturbation than I had acquired by

their mathematical investigation in detail, it may reasonably

be hoped that the endeavour will not always be unattended

with a similar success in others.

(10 ) From what has been said, it wiU be evident that our

aim is' not to offer to the public a technical treatise, in which

the student of practical or theoretical astronomy shall find

consigned the minute description of methods of observation,

or the formulje he requires prepared to his hand, or their de-

monstrations drawn out in detail. In all these the present

work will be found meagre, and quite inadequate to his wants

Its aim is entirely different ;
being to present to him m each

case the mere ultimate rationale of facts, arguments, and

processes; and, in all cases of mathematical application

avoiding whatever would tend to encumber its pages with

alcrebraic or geometrical symbols, to place under his inspec-

tion that central thread of common sense on which the pearls

of analytical research are invariably strung ;
but which, by

the attention the latter claim for themselves, is often con-

cealed from the eye of the gazer, and not always disposed m

the straightest and most convenient form to foUow by those

who string them. This is no fault of those who have con-

ducted th? inquiries to which we allude. The contention of

mind for which they call is enormous ;
and at may, perhaps

be owing to theh- experience of how Utile can be accomphshed

in carrying such processes on to their conclusion, by mere

ordinary clearness of head; and how necessary it often i. to

pay more attention to the purely mathematical conditions

which ensure success,- the hooks-and-eyes of their equa-

Ins and series, - than to those which encham causes with

thel effects, and both with the human reason -tha we

must attribute something of that indistinctness of view whidi

and still rnle commonly ascribed ironically to the native
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cloudiness of an atmosphere too sublime for vulgar compre-

hension. "We think we shall render good service to both

classes of readers, by dissipating, so far as lies in our power,

that accidental obscurity, and by showing ordinary untutored

comprehension clearly what it can, and what it cannot, hope

to attain.

(10 a.) To conclude :
" Rome was not built in a day."

No grand practical result of human industry, genius, or me-

ditation, has sprung forth entire and complete from the master

hand or mind of an individual designer working straight to

its object, and foreseeing and providing for all details. As

in the building of a great city, so in every such product, its

historian has to record rude beginnings, circuitous and in-

adequate plans ; frequent demolition, renewal and rectifica-

tion ; the perpetual removal of much cumbrous and unsightly

material and scaffolding, and constant opening out of wider

and grander conceptions ; till at length a unity and a nobility

is attained, little dreamed of in the imagination of the first

projector.

(10 The same is equally true of every great body of

knowledge, and would be found signally exemplified in the

history of astronomy, did the object of this work allow us to

devote a portion of it to its relation. What concerns us

more is, that the same remark is no less applicable to the

process by which knowledge is built up in the mind of each

individual, and by which alone it can attain any extensive

development or any grand proportions. No man can rise

from ignorance to anything deserving to be called a complete

grasp of any considerable branch of science without receiving

and discarding in succession many crude and incomplete

notions, which so far from injuring the truth in its ulti-

mate reception, act as positive aids to its attainment by
acquainting him with the symptoms of an insecure footing

in his progress. To reach from the plain the loftiest sum-
mits of an Alpine country, many inferior eminences have to

be scaled and relinquished ; but the labour is not lost. The
region is unfolded in its closer recesses, and the grand pano-

rama which opens from aloft is all the better understood and
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the more enjoyed for the very misconceptions in detail which

it rectifies and explains.

(10 c) Astronomy is very peculiarly in this predicament.

Its study to each individual student is a continual process of

rectification and correction— of abandoning one point of

view for another higher and better— of temporary and occa-

sional reception of even positive and admitted errors for the

convenience they afford towards giving clear notions of im-

portant truths whose essence they do not afiect, by sparing

him that contention of mind which fatigues and distresses.

We know, for example, that the earth's diurnal motion is

real, and that of the heavens only apparent ;
yet there are

many problems in astronomy which are not only easier con-

ceived, but more simply resolved by adopting the idea of a

diurnal rotation of the heavens, it being understood once for

all that appearances are alike in both suppositions.
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CHAPTER L

GBNERAL NOTIONS. APPARENT AND REAL MOTIONS.— SHAPE AND

SIZE OF THE EARTH. — THE HORIZON AND ITS DIP. THE AT-

MOSPHERE. — REFRACTION. TWILIGHT. — APPEARANCES RE-

SULTING FROM DIURNAL MOTION— FROM CHANGE OP STATION

IN GENERAL.— PARALLACTIC MOTIONS. TERRESTRIAL PARAL-

LAX. — THAT OF THE STARS INSENSIBLE. FIRST STEP TO-

WARDS FORMING AN IDEA OF THE DISTANCE OF THE STARS.—
COPERNICAN VIEW OF THE EARTH's MOTION RELATIVE

MOTION. MOTIONS PARTLY REAL, PARTLY APPARENT GEO-

CENTRIC ASTRONOMY, OR IDEAL REFERENCE OF PHiENOMENA

TO THE earth's CENTRE AS A COMMON CONVENTIONAL

STATION.

(11.) The magnitudes, distances, arrangement, and motions

of the great bodies which make up the visible universe, their

constitution and physical condition, so far as they can be

known to us, with their mutual influences and actions on each

other, so far as they can be traced by the effects produced,

and established by legitimate reasoning, form the assemblage

of objects to which the attention of the astronomer is directed.

The term astronomy * itself, which denotes the laio or rule of

the astra (by which the ancients understood not only the

stars properly so called, but the sun, the moon, and all the

visible constituents of the heavens), sufficiently indicates this

;

and, although the term astrology, which denotes the reason,

theory, or interpretation of the stars f, has become degraded in

its application, and confined to superstitious and delusive at-

tempts to divine future events by their dependence on pre-

* Ao-TTjp, a star; voixos, a law, or ve/jLetv, to tend, as a shepherd his flock ; so
that turrpovofios means "shepherd of the stars." The two etymologies are, how-
ever, coincident.

t A070S, tenion, or a word, the vehicle of reason ; the mterpreter of thought.
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tended planetary influences, the same meaning originally

attached itself to that epithet.

(12.) But, besides the stars and other celestial bodies, the

earth itself, regarded as an individual body, is one principal

object of the astronomer's consideration, and, indeed, the

chief of all. It derives its importance, in a practical as well

as theoretical sense, not only from its proximity, and its re-

lation to us as animated beings, who draw from it the supply

of aU our wants, but as the station from, which we see aU the

rest, and as the only one among them to which we can, in the

first instance, refer for any determinate marks and measures

by which to recognize their changes of situation, or with

which to compare their distances.

(13 ) To the reader who now for the first time takes up a

book on astronomy, it will no doubt seem strange to class the

earth with the heavenly bodies, and to assume any community

of nature among things apparently so different. Eor what, m

fact, can be more apparently different than the vast and

seemingly immeasurable extent of the earth, and the stars

I which appear but as points, and seem to have no size at aU

.

The earth is dark and opaque, while the celestial bodies are

briUiant. We perceive in it no motion, while m them we

observe a continual change of place, as we view them at
de-

ferent hours of the day or night, or at different seasons of the

year. The ancients, accordingly, one or two of the more en-

iightened of them only excepted, admitted no such commu-

nfty of nature ;
and, by thus placing the heavenly bodies and

their movements without the pale of analogy and experience

effectually intercepted the progress of all reasoning from what

passes here below, to what is going on in the regions where

hey exist and move. Under such conventions, astronomy

as a science of cause and effect, could not exist, but must be

limited to a mere registry of appearances, unconnected with

Z attempt to account for them on reasonable principles

however successful to a certain extent might be the attemp

to follow out their order of sequence, and to establish empirical

laws expressive of this order. To get rid of this prejudice

therefore is the first step towards acquirmg a knowledge of
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what is really the case ; and the student has made his first

effort towards the acquisition of sound knowledge, when he

has learnt to familiarize himself with the idea that the earth,

after all, may be nothing but a great star. How correct such

an idea may be, and with what limitations and modifications

it is to be admitted, we shall see presently.

(14.) It is evident, that, to form any just notions of the

arrangement, in space, of a number of objects which we can-

not approach and examine, but of which all the information

we can gain is by sitting still and watching their evolutions,

it must be very important for us to know, in the first

instance, whether what we call sitting stiU is really such

:

whether the station from which we view them, with ourselves,

and all objects which immediately surround us, be not itself

in motion, unperceived by us ; and if so, of what nature that

motion is. The apparent places of a number of objects, and

their apparent arrangement with respect to each other, will

of course be materially dependent on the situation of the

spectator among them ; and if this situation be liable to

change, unknown to the spectator himself, an appearance of

change in the respective situations of the objects will arise,

without the reality. If, then, such be actually the case, it

will follow that all the movements we think we perceive

among the stars will not be real movements, but that some

part, at least, of whatever changes of relative place we per-

ceive among them must be merely apparent, the results of

the shifting of our own point of view ; and that, if we would

ever arrive at a knowledge of their real motions, it can only

be by first investigating our own, and making due allowance

for its effects. Thus, the question whether the earth is in

motion or at rest, and if in motion, what that motion is, is no

idle inquiry, but one on which depends our only chance of

arriving at true conclusions respecting the constitution of the

universe.

(15.) Nor let it be thought strange that we should speak

of a motion existing in the earth, unperceived by its in-

habitants : we must remember that it is of the earth as a

whole, with all that it holds within its substance, or sustains
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on its surface, that we are speaking ; of a motion common to

the solid mass beneath, to the ocean which flows around it,

the air that rests upon it, and the clouds which float above it

in the air. Such a motion, which should displace no teiTes-

trial object from its relative situation among others, interfere

with no natural processes, and produce no sensations of

shocks or jerks, might, it is very evident, subsist undetected

by us. There is no peculiar sensation which advertises us

that we are in motion. We perceive jerks, or shocks, it is

true, because these are sudden changes of motion, produced,

as the laws of mechanics teach us, by sudden and powerful

forces acting during short times ; and these forces, applied to

our bodies, are what we feel.
' When, for example, we are

carried along in a carriage with the bhnds down, or with our

eyes closed (to keep us from seeing external objects), we per-

ceive a tremor arising from inequalities in the road, over

which the carriage is successively lifted and let fall, but we

have no sense of progress. As the road is smoother, our

sense of motion is diminished, though our rate of travelling is

accelerated. Eailway traveUing, especially by night or in a

tunnel, has familiarized every one with this remark. Those

who have made aeronautic voyages testify that with closed

eyes, and under the influence of a steady breeze commum-

catino- no oscillatory or revolving motion to the car, the

sensation is that of perfect rest, however rapid the transfer

from place to place.

(16.) But it is on shipboard, where a great system is mam-

tained in motion, and where we are surrounded with a mul-

titude of objects which participate with ourselves and each

other in the common progress of the whole mass, that we teel

most satisfactorily the identity of sensation between a state

of motion and one of rest. In the cabin of a large and heavy

vessel, going smoothly before the wind m still water, or

drawn along a canal, not the smallest indication acquaints us

with the way it is making. We read, sit, walk, and perform

every customary action as if we were on land. If we throw

a ball into the air, it falls back into our hand
;
or if we drop

it, it alights at our feet. Insects buzz around us as in the
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free air ; and smoke ascends in the same mannei as it would

do in an apartment on shore. If, indeed, we come on deck,

the case is, in some respects, different ; the air, not being

carried along with us, drifts away smoke and other light

bodies— such as feathers abandoned to it— apparently, in

the opposite direction to that of the ship's progress ; but, in

reality, they remain at rest, and we leave them behind in the

air. Still, the illusion, so far as massive objects and our own

movements are concerned, remains complete ; and when we

look at the shore, we then perceive the effect of our own

motion transferred, in a contrary direction, to external objects

— external, that is, to the system of which we form a part.

" Provehimur portu, terraeque urbesque recedunt."

(17.) In order, however, to conceive the earth as in mo-

tion, we must form to ourselves a conception of its shape and

size. Now, an object cannot have shape and size unless it

is limited on all sides by some definite outline, so as to admit

of our imagining it, at least, disconnected from other bodies,

and existing insulated in space. The first rude notion we
form of the earth is that of a flat surface, of indefinite extent

in all directions from the spot where we stand, above which

are the air and sky ; below, to an indefinite profundity, solid

matter. This is a prejudice to be got rid of, like that of the

earth's immobility ;— but it is one much easier to rid our-

selves of, inasmuch as it originates only in our own mental

inactivity, in not questioning ourselves where we will place

a limit to a thing we have been accustomed from infancy

to regard as immensely large ; and does not, like that, ori-

ginate in the testimony of our senses unduly interpreted.

On the contrary, the direct testimony of our senses lies the

other way. When we see the sun set in the evening in the

west, and rise again in the east, as we cannot doubt that it is

the same sun we see after a temporary absence, we must do

violence to all our notions of solid matter, to suppose it to

have made its way through the substance of the earth. It

must, therefore, have gone under it, and that not by a mere

subterraneous channel ; for if we notice the points whei-e it
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sete :mi rises for many Buooessive days, or for a whole year

we shall find them eonstantly shifting, round a very large

Ixtent of the horizon ;
and. besides the moon and sUrs also

.et and rise again in att points of the visible horizon. The

eonlsion is plain: the earth cannot extend indefinitely in

dep h downwards, nor indefinitely in snrfaee laterally; it

mnst have not only bonnds in a horkontal direction, but also

an und^ side round which the sun. moon, and ^'a''^ '>^» I»f
»

'

and that side must, at least, be so far like what we s e, ha

it must have a sky and sunshine, and a day when it is night

to us, and vice versd ; where, in short,

_« redll « nobU Aurora, diemqo« reduill.

Il57.sr. rube... .o»«.dit lumm Ve.per.

m) As soon as we have familiarized ourselves with the

conception of an earth without/W»i«» or fixed snpports-

eSg insulated in space from contact of ever, thing x

ral.l becomes ^^rtSl^s—«t

commonly level
^^f/^*';'7'J,^,th._tbe liUls, trees, and

minute proportion to the .»;.o;« ea^^^^^^^^

with respect to ourselves and to tha^sma p

d^nHf1 f tirv'hlt: that of a part so dis-

Bu*with the surface of the «a or any v^tly^ex-

'?^^tnd'' leth : ^Tst' nd'ort^raeck of the slnp or

SS,i:lsf^ see the surface of the sea-not losnig
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itself in distance and mist, but terminated by a sharp, clear,

well-defined line or offing as it is called, which runs aU round

us in a circle, having our station for its centre. That this

line is really a circle, we conclude, first, from the perfect

apparent similarity of all its parts
; and, secondly, from the

fact of all its parts appearing at the same distance from us,

and that, evidently, a moderate one ; and thirdly, from this,

that its apparent diameter, measured with an instrument

called the dip sector, is the same (except under some singular

atmospheric circumstances, which produce a temporary dis-

tortion of the outline), in whatever direction the measure is

taken,—properties which belong only to the circle among
geometrical figures. If we ascend a high eminence on a plain

(for instance, one of the Egyptian pyramids), the same holds

good.

(20.) Masts of ships, however, and the edifices erected by
man, are trifling eminences compared to what nature itself

alFords; J5tna, Teneriffe, Mowna Eoa, are eminences from
which no contemptible aliquot part of the whole earth's surface

can be seen; but from these again— in those few and rare

occasions when the transparency of the air wiU permit the

real boundary of the horizon, the true sea-line, to be seen
the very same appearances are witnessed, but with this re-

markable addition, viz. that the angular diameter of the visible

area, as measured by the dip sector, is materially less than at

a lower level
; or, in other words, that the apparent size of

the earth has sensibly diminished as we have receded from its

surface, while yet the absolute quantity of it seen at once haa
been increased.

(21.) The same appearances are observed universally, in
every part of the earth's surface visited by man. Now, the
figure of a body which, however seen, appears always circular,

can be no other than a sphere or globe.

(22.) A diagram will elucidate this. Suppose the earth to
be represented by the sphere LHNQ, whose centre is C, and
let A, G, M be stations at diflTerent elevations above various
pomts of its surface, represented by a, g, m respectively.
From each of them (as from M) let a line be drawn, as MN

C
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a tangent to the surface at then will this line represent

the vfsual ray along which the spectator at M wi 1 see the

visible horizon; and as this tangent sweeps ronnd M and

comes snccessively into the positions UOo,UTp UQq,

the point of contact N will mark out on the surface the

circle N O P Q. The area of the spherical surface compre-

visible to a spectator at M, and tne an^ie x> x

between the two extreme visual rays ts — of

apparent angular diameter. Leavmg, at P- -^1 °^ieh
sideration the effect of refract onm

}''^°^^\^ru>
more hereafter, and which always tends an

^^^^^'£2Z
i^rease that angle, or -d-'^^,

ttid
"

. Jst tCtt
measured hy tl>e d>p sector. Isow, t ^'^ '

^^^^^^^^^
tlw noint M is more elevated above m, tno po .

I t I it on the sphere, the visible area, ,. «. the spherical

"
„ sUce N0p4, increases; 2dly. that tte distance

^^CvlltTi™ • or\on„dary of our view from the eye,

• 'OpiCw> '0 tetminate.
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viz. the line MN, increases
; and, Solly, that the angle NMQ

becomes less obtuse, or, in other words, the apparent angular
diameter of the earth diminishes, being nowhere so great as
180°, or two right angles, but falling short of it by some sen-
sible quantity, and that more and more the higher Ave ascend.
The figure exhibits three states or stages of elevation, with
the horizon, &c. corresponding to each, a glance at which will
explain our meaning

; or, limiting ourselves to the larger and
more distinct, MNOPQ, let the reader imagine N M,
M Q ^ to be the two legs of a ruler jointed at M, and kept
extended by the globe N to Q between them. It is clear, that
as the joint M is urged home towards the surface, the legs
will open, and the ruler will become more nearly straight,
but will not attain perfect straightness till M is brought
fairly up to contact with the surface at m, in which case
its whole length will become a tangent to the sphere at m, as
is the line xy.

(23.) This explains what is meant by the dip of the horizon.M m, which is perpendicular to the general surface of the
sphere at m, is also the direction in ^Yach a plumb-line* would
hang

;
for it is an observed fact, that in all situations, in every

part of the earth, the direction of a plumb-line is exactly
perpendicular to the surface of stHl water; and, moreover,
that it is also exactly perpendicular to a line or surface truly
adjusted by a spirit-level* Suppose, then, that at our stationM we were to adjust a line (a wooden ruler for instance) by
a spirit-level, with perfect exactness

; then, if we suppose the
direction of this Hne indefinitely prolonged both ways, asXMY, the line so drawn will be at right angles to Mm,
and therefore parallel to xmy, the tangent to the sphere at
m. A spectator placed at M will therefore see not only all
the vault of the sky above this line, as X Z Y, but also that
portion or zone of it which lies between and YQ; in
other words, his sky wiU be more than a hemisphere by the
zt'ne Y Q X N. It is the angular breadth of this redundant
zone-the angje YMQ, by which the visible horizon appears
(iepressed below the direction of a spirit-level— that is called

• See these instruments described in Chap. III.

0 2
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the dip of the horizon. It is a correction of constant use in

nautical astronomy.
^ w rpi .

(24 ) From the foregoing explanations it appears, Ist, mat

the general figure of the earth (so far as it can be gathered

from this kind of observation) is that of a sphere or globe.

In this we also include that of the sea, which, wherever it

extends, covers and fills in those inequalities and local irregu-

larities which exist on land, but which can of course only be

regarded as trifling deviations from the general outlme of the

whole mass, as we consider an orange not the less round for

the roughness on its rind. 2dly, That the appearance of a

visible horizon, or sea-offing, is a consequence of t^je curvature

of the surface, and does not arise from the mability of the

eve to follow objects to a greater distance, or from at-

mospheric indistinctness. It will be worth while to pursue

the general notion thus acquired into some of its consequences

bv which its consistency with observations of a different

hLd, and on a larger scale, will be put to the test and a

clear conception be formed of the manner m which the parts

of the earth are related to each other, and held together a. a

^^'(Ih In the first place, then, every one who has passed a

little while at the sea side is aware that objects -ay be seen .

perfectly well beyond the offing or visible ^'^^^'^-^^'^

?heM of them. We only see their upper paa-ts. Thm

bases where they rest on, or rise out of the water, aie hid

fx^^ew by the spheidcal surface of the sea which protrudes

lZ2n them and ourselves. Suppose a ship or m^anc^

to sail directly away from our ^^at-n ;- at first, wh^^^^^^

distance of the ship is small, a spectator^ S, situated at some

certain height above the sea, sees the whole of the ship, even

to the ^oater line where it rests on the sea, as a A. As it

recedes it diminishes, it is true, in apparent size but still the

lie is seen down to the water line, tiU it loaches he v^s^Me

orlzon at B. But as soon as it has passed this distance n t

only does the visible portion still contmue to dimmish in

'nnarent size, but the hull begins to disappear bodily, as if

nk below the surface. When it has reached a certain
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distance, as at C, its hull has entirely vanished, but the masts

and sails remain, presenting the appearance c. But if, in

this state of things, the

spectator quickly as-

cends to a higher sta-

tion, T, whose visible

horizon is at D, the

hull comes again in

sight
;

and, when he

descends again, he loses

it. The ship still receding, the lower sails seem to sink below
the water, as at d, and at length the whole disappears : while yet
the distinctness with which the last portion of the sail d is

seen is such as to satisfy us that were it not for the interposed

segment of the sea, ABCDE, the distance TE is not so

great as to have prevented an equally perfect view of the

whole.

(26.) The history of aeronautic adventure affords a curious

illustration of the same principle. The late Mr. Sadler, the

celebrated aeronaut, ascended on one occasion in a balloon

from Dublin, and was wafted across the Irish Channel, when,
on his approach to the Welsh coast, the balloon descended
nearly to the surface of the sea. By this time the sun was
set, and the shades of evening began to close in. He threw
out nearly all his ballast, and suddenly sprang upwards to a
great height, and by so doing brought his horizon to dip

below the sun, producing the whole phenomenon of a
western sunrise. M. Charles in his memorable ascent from
Paris in 1783 witnessed the same phenomenon.

(27.) If we could measure the heights and exact distance
of two stations which could barely be discerned from each
other over the edge of the horizon, we could ascertain
the actual size of the earth itself: and, in fact, were it

not for the effect of refraction, by which we are enabled
to see in some small degree round the interposed segment (as
will be hereafter explained), this would be a tolerably good
method of ascertaining it. Suppose A and B to be two
emmences, whose perpendicular heights A a and B i (which

o 3
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for simplicity, we will suppose to be exactly equal) are

known, as well as their exact horizontal interval aDZ*, by

jneasurement ; then it is clear

that D, the visible horizon of

both, will lie just half-way

between them, and if we sup-

pose aDb to be the si^here of

the earth, and C its centre in

the figure C D i B, we know

D b, the length of the arch

of the circle between D and viz. half the measured

interval, and b B, the excess of its secant above its radius—
which is the height of B,— data which, by the solution

of an easy geometrical problem, enable us to find the length

of the radius D C. If, as is really the case, we suppose both

the heights and distance of the stations inconsiderable in

compari°son with the size of the earth, the solution alluded to

is contained in the following proposition :
—

The earth's diameter bears the same proportion to the distance

of the visible horizon from the eye as that distance does to the

height of the eye above the sea level.

When the stations are unequal in height, the problem is a

little more complicated.

(28.) Although, as we have observed, the effect ot retrac-

tion prevents this from being an exact method of ascertaimng

the dimensions of the earth, yet it wiU suffice to afford such

an approximation to it as shall be of use in the present stage

of the reader's knowledge, and help him to many just con-

ceptions, on which account we shall exemplify its apphcation

in numbers. Now, it appears by observation, that_ two

points, each ten feet above the surface, cease to be visible

from each other over stiU water, and in average atmospheric

circumstances, at a distance of about 8 miles. But 10 teet

is the 528th part of a mile, so that half that distance, or

4 miles, is to the height of each as 4 x 528 or 2112 : 1, and

therefore in the same proportion to 4 miles is the length

of the earth's diameter. It must, therefore, be equal to
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4x2112= 8448, or, in round numbers, about 8000 miles,

which is not very far from the truth.

(29.) Such is the first rough result of an attempt to

ascertain the earth's magnitude; and it will not be amiss,

if we take advantage of it to compare it with objects we have

been accustomed to consider as of vast size, so as to interpose

a few steps between it and our ordinary ideas of dimension.

We have before likened the inequalities on the earth's

surface, arising from mountains, valleys, buildings, &c. to

the roughnesses on the rind of an orange, compared with

its general mass. The comparison is quite free from exag-

geration. The highest mountain known hardly exceeds five

miles in perpendicular elevation: this is only one 1600th part

of the earth's diameter
;
consequently, on a globe of sixteen

inches in diameter, such a mountain would be represented

by a protuberance of no more than one hundredth part of an

inch, which is about the thickness of ordinary drawing-paper.

Now, as there is no entire continent, or even any very

extensive tract of land, known, whose general elevation

above the sea is any thing like half this quantity, it follows,

that if we would construct a correct model of our earth, with

its seas, continents, and mountains, on a globe sixteen inches

in diameter, the whole of the land, with the exception of

a few prominent points and ridges, must be comprised on it

within the thickness of thin writing-paper ; and the highest

hills would be represented by the smallest visible grains

of sand.

(30.) The deepest mine existing does not penetrate half a

mile below the surface : a scratch, or pin-hole, duly re-

presenting it, on the surface of such a globe as our model,

would be imperceptible without a magnifier.

(31.) The greatest depth of sea, probably, does not very

much exceed the greatest elevation of the continents; and

would, of course, be represented by an excavation, in about

the same proportion, into the substance of the globe : so that

the ocean comes to be conceived as a mere film of liquid,

Buch as, on our model, would be left by a brush dipped

in colour, and drawn over those parts intended to represent
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the sea
;
only, in so conceiving it, we must bear in mind that

the resemblance extends no farther than to proportion in

point of quantity. The mechanical laws which would regu-

late the distribution and movements of such a film, and its

adhesion to the surface, are altogether different from those

which govern the phenomena of the sea.

(32.) Lastly, the greatest extent of the earth's surface

which has ever been brought at once within the range of

human vision was that which, but for clouds, would have

been exposed to the view of Messrs. Glaisher and Coxwell,

in their balloon ascent of Sep. 5, 1863, to the enormous

height of seven miles. To estimate the proportion of the

area visible from this elevation to the whole earth's surface,

we must have recourse to the geometry of the sphere, which

informs us that the convex surface of a spherical segment is

to the whole surface to which it belongs as the thickness of the

segment is to the diameter of the sphere ; and further, that

this thickness, in the case we are considering, is almost ex-

actly equal to the perpendicular elevation of the point of sight

above the surface. The proportion, therefore, of the visible

area, in this case, to the whole earth's surface, is that of seven

miles to 8000, or 1 to 1140. The portion visible from ^tna,

the Peak of Teneriffe, or Mowna Roa, is about one 4000th.

(33.) "When we ascend to any very considerable elevation

above the surface of the earth, either in a balloon, or on

mountains, we are made aware, by many uneasy sensations,

of an insufficient supply of air. The barometer, an instrument

which informs us of the weight of air incumbent on a given

horizontal surface, confirms this impression, and affords a

direct measure of the rate of diminution of the quantity of

air which a given space includes as we recede from the

surface. From its indications we learn, that when we have

ascended to the height of 1000 feet, we have left below us

about one-thirtieth of the whole mass of the atmosphere :

—

that at 10,600 feet of perpendicular elevation (which is rather

less than that of the summit of J^tna*) we have ascended

• The height of JEim above the Mediterranean (as it results trotn a baromo-
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through about one-third; and at 18,000 feet (which is nearly

that of Cotopaxi) through one-half the material, or, at least,

the ponderable body of air incumbent on the earth's surface.

From the progression of these numbers, as well as, a priori,

from the nature of the air itsetf, which is compressible, i. e. ca-

pable of being condensed or crowded into a smaller space in

proportion to the incumbent pressure, it is easy to see that,

although by rising still higher we should continually get

above more and more of the air, and so relieve ourselves more

and more from the pressure with which it weighs upon us,

yet the amount of this additional relief, or the ponderable

quantity of air surmounted, would be by no means in pro-

portion to the additional height ascended, but in a constantly

decreasing ratio. An easy calculation, however, founded on

our experimental knowledge of the properties of air, and the

mechanical laws which regulate its dilatation and compression,

is sufl&cient to show that, at an altitude above the surface of

the earth not exceeding the hundredth part of its diameter,

the tenuity, or rarefaction, of the air must be so excessive, that

not only animal life could not subsist, or combustion be main-

tained in it, but that the most delicate means we possess of

ascertaining the existence of any air at all would fail to afford

the slightest perceptible indications of its presence.

(34.) Laying out of consideration, therefore, at present, all

nice questions as to the probable existence of a definite limit

to the atmosphere, beyond which there is, absolutely and

rigorously speaking, no air, it is clear, that, for all practical

purposes, we may speak of those regions which are more
distant above the earth's surface than the hundredth part of

its diameter as void of air, and of course of clouds (which are

nothing but visible vapours, diffused and floating in the air,

sustained by it, and rendering it turbid as mud does water).

It seems probable, from many indications, that the greatest

height at which visible clouds ever exist does not exceed ten

miles; at which height the density of the air is about an

eighth part of what it is at the level of the sea.

trical measurement of my own, made in July, 1824, under very favourable cir-
cumstances) is 10,872 English feet.— ^!/</ior.
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(35.) We are thus led to regard the atmosphere of air,

with the clouds it supports, as constituting a coating of equa-

ble or nearly equable thickness, enveloping our globe on all

sides ; or rather as an aerial ocean, of which the surface of

the sea and land constitutes the bed, and whose inferior

portions or strata, within a few miles of the earth, contain by

far the greater part of the whole mass, the density diminish-

ing with extreme rapidity as we recede upwards, tiU, within

a very moderate distance (such as would be represented by

the sixth of an inch on the model we have before spoken of,

and which is not more in proportion to the globe on which it

rests, than the downy skin of a peach in comparison with the

fruit within it), all sensible trace of the existence of air dis-

appears.
. J -x

(36.) Arguments, however, are not wanting to render it,

if not absolutely certain, at least in the highest degree pro-

bable, that the surface of the aerial, like that of the aqueous

ocean, has a real and definite limit, as above hinted at; be-

yond which there is positively no air, and above which a iresh

quantity of air, could it be added from without, or carried

aloft from below, instead of dilating itself indefinitely up-

wards, would, after a certain very enormous but stiU famte

enlargement of volume, sink and merge, as water poured

into the sea, and distribute itself among the mass beneath.

With the truth of this conclusion, however, astronomy has

little concern; all the effects of the atmosphere m modifying

astronomical phenomena being the same, whether it be sup-

posed of definite extent or not.
. , • ^i

(37 ) Moreover, whichever idea we adopt, within those

limits in which it possesses any appretiable density its con-

stitution is the same over all points of the earths surface;

that is to say, on the great scale, and leaving out of con-

sideration temporary and local causes of derangement, such as

winds, and great fluctuations, of the nature of waves, which

levail in it to an immense extent. In other words, the

kw of diminution of the air's density as we recede upwards

from the level of the sea is the same in every column into

which we may conceive it divided, or from whatever pomt of
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the surface we may set out. It may therefore be considered

fiS consisting of successively superposed strata or layers, each

of the form of a spherical shell, concentric with the general

surface of the sea and land, and each of which is rarer, or spe-

cifically lighter, than that immediately beneath it; and denser,

or specifically heavier, than that immediately above it. This,

at least, is the kind of distribution which alone would be con-

sistent with the laws of the equilibrium of fluids. Inasmuch,

however, as the atmosphere is not in perfect equilibrium,

being always kept in a state of circulation, owing to the ex-

cess of heat in its equatorial regions over that at the poles,

some slight deviation from the rigorous expression of this law

takes place, and in peculiar localities there is reason to believe

that even considerable permanent depressions of the contours

of these strata, below their general or spherical level, subsist.

But these are points of consideration rather for the meteoro-

logist than the astronomer. It must be observed, moreover,

that with this distribution of its strata the inequalities of

mountains and valleys have little concern. These exercise

iardly more influence in modifying their general spherical

figure than the inequalities at the bottom of the sea interfere

with the general sphericity of its surface. They would exer-

cise absolutely none were it not for their effect in giving

another than horizontal direction to the currents of air con-

stituting winds, as shoals in the ocean throw up the cur-

rents which sweep over them towards the surface, and so

in some small degree tend to disturb the perfect level of that

surface.

(38.) It is the power which air possesses, in common with

aU transparent media, of refracting the rays of light, or bend-
ing them out of their straight course, which renders a know-
ledge of the constitution of the atmosphere important to the

astronomer. Owing to this property, objects seen obliquely

through it appear otherwise situated than they would to the

same spectator, had the atmosphere no existence. It thus

produces a false impression respecting their places, which
must be rectified by ascertaining the amount and direction of
the displacement so apparently produced on each, before we
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can come at a knowledge of the true directions in which they

are situated from us at any assigned moment.

(39.) Suppose a spectator placed at A, any point of the

earth's surface K A A ; and let L I, M m, N n, represent the

successive strata or layers, of decreasing density, into which

we may conceive the atmosphere to be divided, and which

are spherical surfaces concentric with K k, the earth's sur-

face. Let S represent a star, or other heavenly body, be-

vond the utmost limit of the atmosphere. Then, if the air

were away, the spectator would see it in the direction of the

straight line A S. But, in reality, when the ray of light SA
reaches the atmosphere, suppose at d, it will, by the laws of

optics, begin to bend downwards, and take a more inclined

direction, as d c. This bending will at first be imperceptible,

c'

owing to the extreme tenuity of the uppermost strata
;
but

as it advances downwards, the strata continually increasing

in density, it will continually undergo greater and greater

refraction in the same direction ; and thus, instead of pur-

suing the straight line S A, it will describe a curve ^dcba,

continually more and more concave downwards, and will

reach the earth, not at A, but at a cei-tain point a, nearer to



REFRACTION. 29

S. This ray, consequently, will not reach the spectator's

eye. The ray by which he will see the star is, therefore, not

S dA., but another ray which, had there been no atmosphere,

would have struck the earth, at K, a point behind the spec-

tator; but which, being bent by the air into the curve

S D C B A, actually strikes on A. Now, it is a law of op-

tics, that an object is seen in the direction which the visual

ray has at the instant of arriving at the eye, without regard to

what may have been otherwise its course between the object

and the eye. Hence the star S will be seen, not in the di-

rection A S, but in that of A 5, a tangent to the curve

S D C B A, at A. But because the curve described by the

refracted ray is concave downwards, the tangent A s will lie

above A S, the unrefracted ray : consequently the object S

will appear more elevated above the horizon A H, when seen

through the refracting atmosphere, than it would appear

were there no such atmosphere. Since, however, the dis-

position of the strata is the same in all directions around A,

the visual ray will not be made to deviate laterally, but will

remain constantly in the same vertical plane, S A C', passing

through the eye, the object, and the earth's centre.

(40.) The elFect of the air's refraction, then, is to raise all

the heavenly bodies higher above the horizon in appearance

than they are in reality. Any such body, situated actually in

the true horizon, will appear above it, or will have some certain

apparent altitude (as it is called). Nay, even some of those

actually below the horizon, and which would therefore be in-

visible but for the effect of refraction, are, by that effect,

raised above it and brought into sight. Thus, the sun, when
situated at P below the true horizon, A H, of the spectator,

becomes visible to him, as if it stood at jt?, by the refracted

ray P 5' r ^ A, to which A /> is a tangent.

(41.) The exact estimation of the amount of atmospheric

refraction, or the strict determination of the angle S A 5, by

which a celestial object at any assigned altitude, H A S, is

raised in appearance above its true place, is, unfortunately, a

very difficult subject of physical inquiry, and one on which

geometers (from, whom alone we can look for any information
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on the subject) are not yet entirely agreed. The difficulty

arises from this, that the density of any stratum of air Con

which its refracting power depends) is aflFected not merehj by

the superincumbent pressure, but also by its temperature or

degree of heat. Now, although we know that as we recede

from the earth's surface the temperature of the air is constantly

diminishmg, yet the law, or amount of this diminution at

different heights, is not yet fully ascertained. Moreover, the

refracting power of air is perceptibly affected by its moisture ;

and this, too, is not the same in every part of an aerial

column ; neither are we acquainted with the laws of its distri-

bution. The consequence of our ignorance on these points is

to introduce a corresponding degree of uncertainty into the

determination of the amount of refraction, which affects, to a

certain appretiable extent, our knowledge of several of the

most important data of astronomy. The uncertainty thus

induced is, however, confined within such very narrow limits

as to be no cause of embarrassment, except in the most

delicate inquiries, and to call for no further allusion in a

treatise like the present.

(42.) A " Table of Refractions," as it is called, or a state-

ment of the amount of apparent displacement arising from

'

this cause, at all altitudes, or in every situation of a heavenly

body, from the horizon to the zemY/i *, (or pomt of the sky

yerticaUy above the spectator), and under all the circumstances

in which astronomical observations are usually performed

which may influence the result, is one of the most important

and indispensable of all astronomical tables, since it is only

by the use of such a table we are enabled to get nd of an

iUusion which must otherwise pervert aU our notions re-

specting the celestial motions. Such have been, accordmgly,

constructed with great care, and are to be found in every

coUection of astronomical tables. Our design, in the present

treatise, will not admit of the introduction of tables; and we

must, therefore, content ourselves here, and in similar cases,

with' referring the reader to works especially destined to

* From an Arabic word of thb signification. See this term technically defined

in Chap. II.
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furnish these useful aids to calculation. It is, however, de-

sh-able that he should bear in mind the following general

notions of its amount, and law of variations.

(43.) 1st. In the zenith there is no refraction. A celestial

object, situated vertically over head, is seen in its true direction,

as if there were no atmosphere, at least if the air be tranquil.

2dly. In descending from the zenith to the horizon, the

refraction continually increases. Objects near the horizon

appear more elevated by it 'above their true directions than

those at a high altitude.

3dly. The rate of its increase is nearly in proportion to the

tangent of the apparent angular distance of the object from

the zenith. But this rule, which is not far from the truth, at

moderate zenith distances, ceases to give correct results in the

vicinity of the horizon, where the law becomes much more
complicated in its expression.

4thly. The average amount of refraction, for an object half-

way between the zenith and horizon, or at an apparent alti-

tude of 45°, is about 1' (more exactly 57"), a quantity hardly

sensible to the naked eye; but at the visible horizon it

amounts to no less a quantity than 33', which is rather more
than the greatest apparent diameter of either the sun or the

moon. Hence it follows, that when we see the lower edge of

the sun or moon just apparently resting on the horizon, its

whole disk is in reality below it, and would be entirely out of

sight and concealed by the convexity of the earth, but for the

bending round it, which the rays of light have undergone in

their passage through the air, as alluded to in art. 40.

5thly. That when the barometer is higher than its average
or mean state, the amount of refraction is greater than its

mean amount ; when lower, less : and,

6thly. That for one and the same reading of the barometer
the refraction is greater, the colder the air. The variations,

owmg to these two causes, from its mean amount (at temp.
55°, pressure 30 inches), are about one 420th part of that

amount for each degree of the thermometer of Fahrenheit,
and one 300th for each tenth of an inch in the height of the
barometer.
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(44.) It follows from this, that one obvious effect of re-

fraction must be to shorten the duration of night and dark-

ness, by actually prolonging the stay of the sun and moon

above the horizon. But even after they are set, the mfluence

of the atmosphere still continues to send us a portion of their

llo-ht; not, indeed, by direct transmission, but by rejlectwn

upon the vapours and minute solid particles which float m it,

and perhaps, also on the actual material atoms of the air

itself To understand how this takes place, we must recollect,

that it is not only by the direct light of a luminous object

that we see, but that whatever portion of its hght which

would not otherwise reach our eyes is intercepted m its

course, and thrown back, or laterally, upon us, becomes to

us a means of illumination. Such reflective obstacles always

exist floating in the air. The whole course of a sun-beam

penetrating through the chink of a window-shutter into a

dark room is visible as a bright line in the air
:
and even if i

be stifled, or let out through an opposite crevice, the light

scattered thi-ough the apartment from this soui;ce is sufficient

•

to prevent entire darkness in the room. The luminous lines

occasionaUy seen in the air, in a sky full of partially broken

clouds, which the vulgar term "the sun drawing water, aie

eimila ly caused. They are sunbeams, through apertui-es m

clouds, partially intercepted and reflected on the dust and

vapou s of the air below. Thus it is with those solar rays

vhich, after the sun is it-lf concealed by the con..^^^^^^^^^^^

the earth, continue to traverse the higher regions of the

atmosphere above our heads, and pass through and out of t

without directly striking on the earth at all Some poition

of them is intercepted and reflected by the floating i^rtides

above mentioned, and thrown back, or lateraUy, -

Z and afford us that secondary illummation, which is twi-

H bt. The course of su.i ^^^^Z
stood from the annexed figure, m wlncii a v.

_

earth
• A a point on its surface, where the sun S is in he

of ptttin- its last lower ray S A M just grazing the

act of

^f^^;^ -^^ J s N, S 0, ti-averse the

-^^^^ the earth, leaving .
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finally at the points P Q E,, after being more or less bent in

passing through it, the lower most, the higher less, and that

which, Hke S R 0, merely grazes the exterior limit of the
atmosphere, not at all. Let us consider several points,

A, B, C, D, each more remote than the last from A, and each
more deeply involved in the earth!s shadow, which occupies

the whole space from A beneath the line A M. Now, A just
receives the sun's last direct ray, and, besides, is illuminated

by the whole reflective atmosphere P Q R T. It thereforo
receives twilight from the whole sky. The point B, to wliich
the sun has set, receives no direct solar light, nor any, direct
or reflected, from all that part of its visible atmosphere which
is below A P M; but from the lenticular portion P R or,

which is traversed by the sun's rays, and which lies above
the visible horizon B R of B, it receives a twilight, which is
strongest at R, the point immediately below which the sun
IS, and fades away gradually towards P, as the luminous
part of the atmosphere thins off! At C, only the last or
thinnest portion, P Q z of the lenticular segment, thus illu-
minated, lies above the horizon, C Q, of that place; here,
then, the twilight is feeble, and confined to a small space in
and near the horizon, which the sun has quitted, while at D
tne twilight has ceased altogether.

(45.) When the sun is above the horizon, it illuminates the
atmosphere and clouds, and these again disperse and scatter a
portion of its light in all directions, so as to send some of its

D
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rays to every exposed point, from every point of the sky.

The generally diffused light, therefore, Avhich we enjoy m

the daytime, is a phenomenon originating in the very same

causes as the twilight. Were it not for the reflective and

scattering power of the atmosphere, no objects would be

visible to°us out of direct sunshine ;
every shadow of a passing

cloud would be pitchy darkness ; the stars would be visible

all day and every apartment, into which the sun had not

direct admission, would be involved in nocturnal obscurity.

This scattering action of the atmosphere on the solar light, it

should be observed, is increased by the irregularity of tem-

perature caused by the same luminary in its different parts

which, during the daytime, throws it into a constant state ot

undulation, and, by thus bringing together masses of an: o

very unequal temperatures, produces partial reflections and

refractions at their common boundaries, by which some por-

tion of the light is turned aside from the direct course, and

diverted to the purposes of general iUummation. A secon-

dary twilight, however, may be traced even beyond the point

D consequent on a re-reflection of the rays dispersed through

the atmosphere in the primary one. The phenomenon seen

in the clear atmosphere of the Nubian desert, described by

travellers under the name of the " After-glow," would seem

to arise from this cause.
^

(46 ) From the explanation we have given, m arts, viy ana

40, of the nature of atmospheric refraction, and the mode m

which it is produced in the progress of a ray of hght through

successive strata, or layers, of the atmosphere, it wiU be

evident, that whenever a ray passes oUiquely from a higher

level to a lower one, or vice versd, its course is not rectilinear,

but concave downwards; and of course any object seen by

means of such aray, must appear deviated from its true place,

whether that object be, Uke the celestial bodies, entirely be-

yond the atmosphere, or, like the summits of mountains seen

from the plains, or other terrestrial stations at different

levels seen from each other, immersed in it. Every difference

of level, accompanied, as it must be, with a difference of den-

sity in the aerial strata, must also have, corresponding to it

a certain amount of refraction ;
less, indeed, than what won d
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be produced bj tbe lohole atmosphere, but still often of very
appretiable, and even considerable, amount. This refraction

between terrestrial stations is termed terrestrial refraction, to

distinguish it from that total effect which is only produced on
celestial objects, or such as are beyond the atmosphere, and
which is called celestial or astronomical refraction.

(47.) Another effect of refraction is to distort the visible

forms and proportions of objects seen near the horizon. The
sun, for instance, which at a considerable altitude always ap-
pears round, assumes, as it approaches the horizon, a flattened

or oval outline ; its horizontal diameter being visibly greater
than that in a vertical direction. When very near the hori-
zon, this flattening is evidently more considerable on the
lower side than on the upper ; so that the apparent form is

neither circular nor elliptic, but a species of oval, which de-
viates more from a circle below than above. This singular
effect, which any one may notice in a fine sunset, arises from
the rapid rate at which the refraction increases in approach-
ing the horizon. Were every visible point in the sun's cir-

cumference equally raised by refraction, it would still appear
circular, though displaced ; but the lower portions being more
raised than the upper, the vertical diameter is thereby short-
ened, while the two extremities of its horizontal diameter are
equally raised, and in parallel directions, so that its apparent
length remains the same. The dilated size (generally) of the
sun or moon, when seen near the horizon, beyond Avhat they
appear to have when high up in the sky, has nothing to do
with refraction. It is- an illusion of the judgment, arising
from the terrestrial objects interposed, or placed in close com-
parison with them. In that situation we view and judge of
them as we do of terrestrial objects— in detail, and with an
acquired habit of attention to parts. Aloft we have no asso-
ciations to guide us, and their insulation in the exi^anse of
sky leads us rather to undervalue than to over-rate their ap-
parent magnitudes. Actual measurement with a proper in-
Btrument corrects our error, without, however, dispelling our
illusion. By this we learn, that the sun, when just on the
horizon, subtends at our eyes almost exactly the same, and the
moon a materially less angle, than when seen at a great alti-

D 2
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tude in the Ay. owbg to its greater distance from us in *e

former situation as compared with the latter, as will be ex

''t:VlS:::hat has bee„ said of the small extent of the

Tn^ Cn lug at random like clouds upon the arr, n^r

V J,l bv the winds, to be external to our atmosphere. A.

f:rer^c„nside;ed them while s^^^^^^^^^

as InpetXetJthe eon-

i:™^ol—s from us andU each eth..

(A ) Could a spectator exist unsustamed by the earth, or

:rrsrr: t s:>-,fx^hrinihS
of their distances from hrm,

to the cou-

pons in which they were seen
his eye for

cave surface of an miaginary sphere, t"™"
^

a centre, and its surface at

-»"f '"^^^f^^^riarge and

Perhaps he might judge those -;h.ch to
' o

bright! to be nearer to him than """-ff' "te^ould have

„ut°, independeut^f other *V«r the idea that

no war-rant for this oprmon, any
^ ^ ,„<.h a

all were eciuidistant from h.m """l *;^Cno hnpro-

spherlcal surface. ^^^^^ to

prlety in his referring then places,

Ihos/ points of such ^P-'y -'f^^L flild be much
respective visual rays

'"f=f ' ""^ .tir appearance and

advantage in so doing, as by
Lorded, and

.aative situation could e accu. e y r.asm .

mapped down. The objects .

item all down

variety of distance from
^y^;/;^.^.^J_ ,etual

in a picture on one plane ana
^^^^

a„are,.t '^ f„,egrouud should be re-
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to a spectator of the heavenly bodies pictured, projected, or

mapped down on that imaginary sphere we call the sky or

heaven. Thus, we may easily conceive that the moon, which

appears to us as large as the sun, though less bright, may
owe that apparent equality to its greater proximity, and

may be really much less ; while both the moon and sun may
only appear larger and brighter than the stars, on account of

the remoteness of the latter.

(50.) A spectator on the earth's surface is prevented, by
the great mass on which he stands, from seeing into all that

portion of sjiace which is below him, or to see which he must

look in any degree downwards. It is true that, if his ^ilace

of observation be at a great elevation, the dip of the horizon

win bring within the scope of vision a little more than a

hemisphere, and refraction, wherever he may be situated,

will enable him to look, as it were, a little round the corner

;

but the zone thus added to his visual range can hardly ever,

unless in very extraordinary circumstances, exceed a couple

of degrees in breadth, and is always ill seen on account of the

vapours near the horizon. Unless, then, by a change of his

geographical situation, he should shift his horizon (which is

always a plane passing through his eye, and touching the

spherical convexity of the earth) ; or unless, by some move-
ments proper to the heavenly bodies, they should of them-
selves come above his horizon

;
or, lastly, unless, by some

rotation of the earth itself on its centre, the point of its sur-

face which he occupies should be carried round, and pre-

sented towards a dllFerent region of space ; he would never
obtain a sight of almost one half the objects external to our
atmosphere. But if any of these cases be supposed, more,
or all, may come into view according to the circumstances.

(51.) A traveller, for example, shifting his locality on our
globe, will obtain a view of celestial objects invisible from
his original station, in a way which may be not Inaptly illus-

strated by comparing him to a person standing in a park
close to a large tree. The massive obstacle presented by its

trunk cuts oW his view of all those parts of the landscape
which It occupies as an object ; but by walking round it u
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complete successive view of the whole
V^^'';^-^^\'^'^\ll

obtained. Just in the same way, if we set off

station, as London, and travel southwards, we shall not fa.l

to notice that many eelestial objects whxch -ver seen

from London come successively mto view, as if rising up

above the horizon, night after night, from the south, although

it is in reality our horizon, which, traveUmg with us south-

wards round the sphere, sinks in succession beneath them.

The novelty and splendour of fresh constellations thus gra-

dually brought into view in the clear calm nights of tropical

r!, tPs in°loncr vovao-es to the south, is dwelt upon by all

climates, m long yuyci^'=^o
to unnress

Istin. o the associations connected with extensne trave .

r tee at the accompanying fl|U.e, - -
cessive stations of a traveUer, A, B, O, witli tne

responding to each, wiU place this process m clearei evidence

than any description. „f

(52.) Again: -PP-
^s e^n^Aara spectator

'.rnp^a^tX) onUnLrt or it .iU. nnpercei^d by

r'^' 1- hZfn -t:^^:^^:^:^^^^because his l^o^^^^J^, ^
. He will have the same

l^a:Xe— ^^^^^^^^
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objecis in it, wliich serve him for landmarks and directions,

retain, with respect to himself or to each other, the same

invariable situations. The perfect smoothness and equality

of the motion of so vast a mass, in which every object he sees

around him participates alike, will (art. 15.) prevent his enter-

taining any suspicion of his actual change of place. Yet,

with respect to external objects,— that is to say, all celestial

ones which do not participate in the supposed rotation of the

efirth,— his horizon will have been all the while shifting in

its relation to them, precisely as in the case of our traveller

in the foregoing article. Recurring to the figure of that

article, it is evidently the same thing, so far as their visibility

is concerned, whether he has been carried by the earth's

rotation successively into the situations A, B, C ; or whether,

the earth remaining at rest, he has transferred himself per-

sonally along its surface to those stations. Our spectator in

the park will obtain precisely the same view of the landscape,

whether he walk round the tree, or whether we suppose it

sawed off, and made to turn on an upright pivot, while he

stands on a projecting step attached to it, and allows himself

to be carried round by its motion. The only difference will

be in his view of the tree itself, of which, in the former case,

he will see every part, but, in the latter, only that portion of

it which remains constantly opposite to him, and immediately

under his eye.

(53.) By such a rotation of the earth, then, as we have

supposed, the horizon of a stationary spectator will be con-

stantly depressing itself below those objects which lie in that

region of space towards which the rotation is carrying him,

and elevating itself above those in the opposite quarter, ad-

mitting into view the former, and successively hiding the

latter. As the horizon of every such spectator, however,

appears to him motionless, all such changes will be referred

by him to a motion in the objects themselves so successively

disclosed and concealed. In place of his horizon approaching

the stars, therefore, he will judge the stars to approach his

horizon
; and when it passes over and hides any of them, he

will consider them as having sunk below it, or set ; while
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those it has just disclosed, and from which it is receding, will

seem to be rising above it.

(54.) If we suppose this rotation of the earth to continue

in one and the same direction,— that is to say, to be per-

formed round one and the same axis, till it has completed an

entire revolution, and come back to the position from Avhich

it set out when the spectator began his observations,— it is

manifest that every thing will then be in precisely the same

relative position as at the outset : all the heavenly bodies will

appear to occupy the same places in the concave of the sky

^vhich they did at that instant, except such as may have

actually moved in the interim ; and if the rotation still con-

tinue, the same phenomena of their successive rising and

setting, and return to the same places, will continue to be

repeated in the same order, and (if the velocity of rotation be

uniform) in equal intervals of time, ad infinitum.

(55.) Now, in this we have a lively picture of that grand

phenomenon, the most important beyond all comparison which

nature presents, the daily rising and setting of the sun and

stars, their progress through the vault of the heavens, and

their return to the same apparent places at the same hours of

the day and night. The accomplishment of this restoration

in the regular interval of twenty-four hours is the first in-

stance we encounter of that great law of periodicity *
,
which,

as we shall see, pervades all astronomy ;. by which expression

we understand the continual reproduction of the same pheno-

mena, in the same order, at equal intervals of time.

(56.) A free rotation of the earth round its centre, if it

exist and be performed in consonance with the same mecha-

nical laws which obtain in the motions of masses of matter

under our immediate control, and within our ordinary ex-

perience, must be such as to satisfy two essential conditions.

It must be invariable in its direction with respect to the sphere

itself, and uniform in its velocity. The rotation must be

performed round an axis or diameter of the sphere, whose

poles or extremities, where it meets the surface, correspond

• ntploSos, a going round, a ciruulation or revolution.
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always to tlie same points on the sphere. Modes of rotation

of a solid body under the influence of external agency are

conceivable, in which the poles of the imaginary line or axis

about which it is at any moment revolving shall hold no fixed

places on the surface, but shift upon it every moment. Such

changes, however, are inconsistent with the idea of a rotation

of a body of regular figure about its axis of symmetry, per-

formed in free space, and without resistance or obstruction

from any surrounding medium, or disturbing influences. The
complete absence of such obstructions draws with it, of ne-

cessity, the strict fulfilment of the two conditions above

mentioned.

(57.) Now, these conditions are in perfect accordance with

what we observe, and Avhat recorded observation teaches vis,

in respect of the diurnal motions of the heavenly bodies. We
have no reason to believe, from history, that any sensible

change has taken place since the earliest ages in the interval

of time elapsing between two successive returns of the same

star to the same point of the sky ; or, rather, it is demon-
strable from astronomical records- that no such change has

taken place. And with respect to the other condition,—
the permanence of the axis of rotation, — the appearances

which any alteration in that respect must produce, would be

marked, as we shall presently show, by a corresponding

change of a very obvious kind in the apparent motions of the

stars
; which, again, history decidedly declares them not to

have undergone.

(58.) But, before we proceed to examine more in detail

how the hypothesis of the rotation of the earth about an axis

accords with the phenomena which the diurnal motion of the

heavenly bodies offers to our notice, i+ wiU be proper to de-

scribe, with precision, in what that diurnal motion consists,

and how far it is participated' in by them all ; or whether any
of them form exceptions, wholly or partially, to the common
analogy of the rest. We will, therefore, suppose the reader

to station himself, on a clear evening, just after sunset, when
the first stars begin to appear, in some open situation whence
a good general view of the heavens can be obtained. He



42 OUTLINES or ASTRONOMY.

will then perceive, above and around him, as it were, a vast

concave hemispherical vault, beset with stars of various mag-

nitudes, of which the brightest only will first catch his atten-

tion in the twilight ; and more and more wiU appear as the

darkness increases, till the whole sky is over-spangled with

them. When he has awhile admired the calm magnificence

of this glorious spectacle, the theme of so much song, and

of so much thought, — a spectacle which no one can view

without emotion, and without a longing desire to know some-

thincr of its nature and purport,— let him fix his attention

more particularly on a few of the most briUiant stars, such

as he cannot fail to recognize again without mistake after

looking away from them for some time, and let him refer

their Apparent situations to some surrounding objects, as

buildings, trees, &c., selecting purposely such as are in dif-

ferent quarters of his horizon. On comparing them agam

with their respective points of reference, after a moderate

interval, as the night advances, he wiU not fail to perceive

that they have changed their places, and advanced, as by a

general movement, in a westward direction; those towards

the eastern quarter appearing to rise or recede from the

horizon, while those which lie towards the west will be seen

to approach it ; and, if watched long enough, will, for the

most part, finally sink beneath it, and disappear ;
while others,

in the eastern quarter, will be seen to rise as if out of the

earth, and, joining in the general procession, will take their

course with the rest towards the opposite quarter.

(59.) If he persist for a considerable time m watching

their motions, on the same or on several successive nights, he

will perceive that each star appears to describe, as fur as its

course lies above the horizon, a circle in the sky; that the

circles so described are not of the same magnitude tor ail tlie

stars
• and that those described by different stars differ greatly

in respect of the parts of them which lie above the horizon.

Some, which lie towards the quarter of the horizon which is

denominated the South *, only remain for a short time above

* We suppose our observer to be stationed in son,e northern latitude; som^

where in Europe, for example.
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it, and disappear, after describing in sight only the small

upper segment of their diurnal circle
;

others, which rise

between the south and east, describe larger segments of their

circles above the horizon, remain proportionally longer in

siofht, and set precisely as far to the westward of south as

they rose to the eastward ; while such as rise exactly in the

east remain just twelve hours visible, describe a semicircle,

and set exactly in the west. With those, again, which rise

between the east and north, the same law obtains ; at least,

as far as regards the time of their remaining above the horizon,

and the proportion of the visible segment of their diui'nal

circles to their whole circumferences. Both go on increasing

;

they remain in view more than twelve hours, and their visible

diurnal arcs are more than semicircles. But the magnitudes

of the circles themselves diminish, as we go from the east,

northward ; the greatest of all the circles being described by
those which rise exactly in the east point. Carrying his eye

farther northwards, he will notice, at length, stars which, in

their diurnal motion, just graze the horizon at its north point,

or only dip below it for a moment ; while others nev-er reach

it at all, but continue always above it, revolving in entire

circles round one point called the pole, which appears to

be the common centre of aU their motions, and which alone,

in the whole heavens, may be considered immoveable. Not
that this point is marked by any star. It is a purely imagi-

nary centre; but there is near it one considerably bright

star, called the Pole Star, which is easily recognized by the

very small circle it describes ; so small, indeed, that, without

paying particular attention, and referring its position very

nicely to some fixed mark, it may easily be supposed at rest,

and be, itself, mistaken for the common centre about which

all the others in that region describe their circles ; or it may
be known by its configuration with a very splendid and re-

markable constellation or group of stars, called by astronomers

the Great Bear.

(60.) He will further observe, that the apparent relative

situations of all the stars among one another, is not changed
by their diurnal motion. In whatever parts of their circles
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they are observed, or at whatever hour of the night, they

form with each other the same identical groups or configura-

tions, to which the name of constellations has been given.

It is true, that, in different parts of their course, these groups

stand differently with respect to the horizon; and those

towards the north, when in the course of their diurnal move-

ment they pass alternately above and below that common

centre of motion described in the last article, become actuaUy

inverted with respect to the horizon, while, on the other

hand, they always turn the same points towards the pole. In

short, he will perceive that the whole assemblage of stars

visible at once, or in succession, in the heavens, may be

reo-arded as one great constellation, which seems to revolve

with a uniform motion, as if it formed one coherent mass
;

or

as if it were attached to the internal surface of a vast hollow

sphere, having the earth, or rather the spectator, m its centre,

and turning round an axis inclined to his horizon, so as to pass

through that fixed point or pole already mentioned.

(61.) Lastly, he will notice, if he have patience to out-

watch a long winter's night, commencing at the earliest

moment when the stars appear, and continmng tiU morning

twilight, that those stars which he observed setting m the

west have again risen in the east, while those which were

risino- when he first began to notice them have completed

their°course, and are now set ; and that thus the hemisphei^,

or a great part of it, which was then above, is now beneath

him, and its place supplied by that which was at first under

his feet, which he will thus discover to be no less copious y

furnished with stars than the other, and bespangled with

groups no less permanent and distinctly recogmzable. ilms

he will learn that the great constellation we have above

spoken of as revolving round the pole is co-extensive with the

w hole surface of the sphere, being in reality nothing less than

a universe of luminaries surrounding the earth on all sides

and brought in succession before his view, and referred

(;ach luminary according to its own visual

^-J ^^^^
from his eye) to the imaginary spherical surface, o^ . Inch

he himself occupies the centre. (See art. 49.) There is
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always, therefore (he would justly argue), a star-bespangled

canopy over his head, by day as well as by night, only that

the glare of daylight (which he perceives gradually to efface

the stars as the morning twilight comes on) prevents them

from being seen. And such is really the case. The stars

actually continue visible through telescopes in the day-

time ; and, in proportion to the power of the instrument, not

only the largest and brightest of them, but even those of

inferior lustre, such as scarcely strike the eye at night as at

all conspicuous, are readily found and followed even at noon-

day,— unless in that part of the sky which is very near the

sun,—by those who possess the means of pointing a telescoj)e

accurately to the proper places. Indeed, from the bottoms

of deep narrow pits, such as a well, or the shaft of a mine,

such bright stars as pass the zenith may even be discerned by

the naked eye ; and we have ourselves heard it stated by a

celebrated optician, that the earliest circumstance which drew

his attention to astronomy was the regular appearance, at a

certain hour, for several successive days, of a considerable

star, through the shaft of a chimney. Venus in our climate,

and even Jupiter in the clearer skies of tropical counti-ies,

are often visible, without any artificial aid, to ihe naked eye

of one who knows nearly where to look for them. During

total eclipses of the sun, the larger stars also appear in their

proper situations.

(62.) But to return to our incipient astronomer, whom we
left contemplating the sphere of the heavens, as completed in

imagination beneath his feet, and as rising up from thence in

its diurnal course. There is one portion or segment of this

sphere of which he will not thus obtain a view. As there is

a segment towards the north, adjacent to the pole above his

horizon, in which the stars never set, so there is a corresponding

segment, about which the smaller circles of the more southern

stars are described, in which they never rise. The stars which

border upon the extreme circumference of this segment just

giaze the southern point of his horizon, and show themselves

for a few moments above it, precisely as those near the cir-

cumference of the northern segment graze his northern
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horizon, and dip for a moment below it, to re-appear im-

mediately. Every point in a spherical surface has, of course,

another diametrically opposite to it; and as the spectator's

horizon divides his sphere into two hemispheres— a superior

and inferior—there must of necessity exist a depressed pole

to the south, corresponding to the elevated one to the north,

and a portion surrounding it, perpetually beneath, as there is

another surrounding the north pole, perpetually above it.

" Hie vertex nobis semper sublimis ; at ilium

Sub pedibus nox atra videt, manesque profundi."— Virgil.

One pole rides high, one, plunged beneath the main.

Seeks the deep night, and Pluto's dusky reign.

(63.) To get sight of this segment, he must travel south-

wards. In so doing, a new set of phenomena come forward.

In proportion as he advances to the south, some of those con-

stellations which, at his original station, barely grazed the

northern horizon, will be observed to sink below it and set;

at first remaining hid only for a very short time, but gra.

dually for a longer part of the twenty-four hours. They

will continue, however, to circulate about the same point—

that is, holding the same invariable position with respect to

them in the concave of the heavens among the stars; but this

point itself wiU become gi^adually depressed with respect to

the spectator's horizon. The axis, in short, about which the

diurnal motion is performed, wiU appear to ha^e become con-

tinuaUy less and less inclined to the horizon; and by the

same degrees as the northern pole is depressed the southern

will rise, and consteUations surrounding it will come into

view; at first momentarily, but by degrees for longer and

longer times in each diurnal revolution— reahzing, in short,

Avhat we have already stated in art. 51.

(64.) If he travel continually southwards, he wiU at length

reach a line on the earth's surface, called the equator, at any

point of which, indifferently, if he take up his station and

recommence his observations, he will find that he has both

the centres of diurnal motion in his horizon, occupying op

posite points, the northern Pole having been depressed, and

the southern raised, so tlmt, in this geographical position.
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the diurnal rotation of the heavens will appear to him to be

peifonned about a horizontal axis, every star describing half

its diurnal circle above and half beneath his horizon, re-

maining alternately visible for twelve hours, and concealed

during the same interval. In this situation, no part of the

heavens is concealed from his successive view. In a night of

twelve hours (supposing such a continuance of darkness pos-

sible at the equator) the whole sphere will have passed in

review over him— the whole hemisphere with which he began

his night's observation will have been carried down beneath

him, and the entire opposite one brought up from below.

(65.) If he pass the equator, and travel still farther south-

wards, the southern pole of the heavens will become elevated

above his horizon, and the northern will sink below it ; and

the more, the farther he advances southwards; and when
arrived at a station as far to the south of the equator as that

from which he started was to the north, he will find the

whole phenomena of the heavens reversed. The stars which

at his original station described their whole diurnal circles

above his horizon, and never set, now describe them entirely

below it, and never rise, but remain constantly invisible to

him ; and vice versa, those stars which at liis former station

he never saw, he will now never cease to see.

(66.) Finally, if, instead of advancing southwards from
his first station, he travel northwards, he will observe the

northern pole of the heavens to become more elevated above
his horizon, and the southern more depressed below it. In
consequence, his hemisphere will present a less variety of

stars, because a greater proportion of the whole surface of

the heavens remains constantly visible or constantly in-

visible : the circle described by each star, too, becomes more
nearly parallel to the horizon

;
and, in short, every appearance

leads to suppose that could he travel far enough to the north,

he would at length attain a point vertically under the north-
ern pole of the heavens, at which none of the stars would
either rise or set, but each would circulate round the horizon
in circles parallel to it. Many endeavours have been made
to reach this point, which is called the north pole of the
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earth, but hitheito without success; a barrier of almost in-

surmountable difficulty being presented by the mcreasmg

rio-our of the climate: but a very near approach to it has

b^en made ; and the phenomena of those regions, though not

precisely such as we have described as what must subsist at

the pole itself, have proved to be in exact correspondence

with its near proximity. A similar remark applies to the

south pole of the earth, which, however, is more unap-

proachable, or, at least, bas been less nearly approached, than

the north.
,

(67 ) The above is an account of the phenomena ot the

diurnal motion of the stars, as modified by different geogra-

phical situations, not grounded on any speculation, but

actually observed and recorded by travellers and voyagers.

It is, however, in complete accordance with the hypothesis

of a rotation of the earth round a fixed axis.
_

In order to

show this, however, it will be necessary to premise a few ob-

servations on parallactic motion in general, and on the appear-

ances presented by an assemblage of remote objects, when

viewed from different parts of a small and circumscribed

station. ^ , . ,
•

(68 ) It bas been shown (art. 16.) that a spectator m

smooth motion, and surrounded by, and forming part of, a

great system partaking of the same motion, is unconscious of

his own movement, and transfers it in idea to objects external

and unconnected, in a contrary direction; those which he

leaves behind appearing to recede from, and those which he

advances towards to approach, him. Not only, howevei^

do external objects at rest appear in motion generally, with

respect to ourselves when we are in motion among them

but they appear to move one among the other- they shiit

their r^ative apparent places. Let any one traveUmg

rapidly along a high road fix his eye steadily on any ob-

ect but at the same time not entirely withdraw his atten-

t on from the general landscape, _ he will see, or think he

lees the whole landscape thrown into rotation, and moving

round that object as a centre; all objects between it and

himself appearing to move hachcards, or the contrary way
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to his own motion ; and all beyond it, forwards, or in the

dh-ection in which he moves : but let him withdraw his eye
from that object, and fix it on another,— a nearer one, for

instance, — immediately the appearance of rotation shifts

also, and the apparent centre about which this illusive

circulation is performed is transferred to the new object,

which, for the moment, appears to rest. This apparent
change of situation of objects with respect to one another,

arising from a motion of the spectator, is called a, parallactic

motion. To see the reason of it we must consider that the
position of every object is referred by us to the surface of an
imaginary sphere of an indefinite radius, having our eye for

its centre
; and, as we advance in any direction, A B, carry-

ing this imaginary sphere along with us, the visual rays A P,
AQ, by which objects are referred to its surface (at C, for

instance), shift their positions with respect to the line in which
we move, A B, which serves as an axis or line of reference,

and assume new positions, p, B Q revolving round
their respective objects as centres. Their intersections, there-
fore, p, q, with our visual sphere, will appear to recede on its

surface, but with different degrees of angular velocity in pro-
portion to their proximity; the same distance of advance
AB subtending a greater angle, A P B = c P at the near
object P than at the remote one Q.

(69.) A consequence of the familiar appearance we have
adduced in illustration of these principles is worth noticing,
as we shall have occasion to refer to it hereafter. We ob-
serve that every object nearer to us than that on which our
eye is fixed appears to recede, and those farther from us to
advance in relation to one another. If then we did not know,
or could not judge by any other appearances, which of two
objects were nearer to us, this apparent advance or recess of
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when seen near the horizon, and the constellations, instead of
preserving the same appearances and dimensions during their
whole diurnal course, would appear to enlarge as they rise

higher in the sky, as we see a small cloud in the horizon
swell into a great overshadowing canopy when drifted by the
wind across our zenith, or as may be seen in the annexed
figure, where ab, AB, a b, are three different positions of
the same stars, as they would, if near the earth, be seen from

a spectator S, under the visual angles a S i, A S B. No such
change of apparent dimension, however, is observed. The
nicest measurements of the apparent angular distance of any
two stars inter se, taken in any parts of their diurnal course,
(after allowing for the unequal effects of refraction, or when
taken at such times that this cause of distortion shall act
equally on both,) manifest not the slightest perceptible va-
riation. Not only this,, but at whatever point of the earth's
surface the measurement is performed, the results are abso-
lutely identical No instruments ever yet invented by man
are delicate enough to indicate, by an increase or diminution
of the angle subtended, that one point of the earth is nearer
to or further from the stars than another.

(73.) The necessary conclusion from this is, that the
dimensions of the earth, large as it is, are comparatively
Mthmg, absolutely imperceptible, when compared with the
interval which separates the stars from the earth. If an
Observer walk round a circle not more than a few yards in
aiameter, and from different points in its circumference
measure with a sextant or other more exact instrument
aaapted for the purpose, the angles PA Q, PB Q, P C Q, sub-

% 2
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be imperceptible; and, reciprocally, an object of the earth's

size, placed at the distance of the stars, would be equally un-
discernible. If, therefore, at the point on which a spectator

stands, we draw a plane touching the globe, and prolong it in

imagination till it attain the region of the stars, and through
the centre of the earth conceive another plane parallel to the
former, and co-extensive with it, to pass; these, although
separated throughout their whole extent by the same interval,

viz. a semidiameter of the earth, will yet, on account of the
vast distance at which that interval is seen, be confounded
together, and undistinguishable from each other in the region
of the stars, when viewed by a spectator on the earth. The
zone they there include will be of evanescent breadth to his

eye, and will only mark out a great circle in the heavens, one
and the same for both the stations. This great circle, when
spoken of as a circle of the sphere, is called the celestial

horizon or simply the horizon, and the two planes just de-
scribed are also spoken of as the sensible and the rational
horizon of the observer's station.

(75.) From what has been said (art. 73.) of the distance of
the stars, it follows, that if we suppose a spectator at the
centre of the earth to have his view boimded by the rational
horizon, in exactly the same manner as that of a corresponding
spectator on the surface is by his sejisible horizon, the two
observers will see the same stars in the same relative si-

tuations, each beholding that entire hemisphere of the heavens
which is above the celestial horizon, corresponding to their
common zenith. Now, so far as appearances go, it is clearly
the same thing whether the heavens, that is, all space with
its contents, revolve round a spectator at rest in the earth's
centre, or whether that spectator simply turn round in the
opposite direction in his place, and view them in succession.
The aspect of the heavens, at every instant, as referred to his
horizon (which must be supposed to turn with him), will be
the same in both suppositions. And since, as has been shown,
appearances are also, so far as the stars are concerned, the
eame to a spectator on the surface as to one at the centre, it

follows that, whether we suppose the heavens to revolve
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render a rational account of the appearances they successively

present,— that is to say, an account of which the several parts,

postulates, propositions, deductions, intelligibly cohere, with-

out contradicting each other or the nature of things as

concluded from experience. In this view of the Copernican

doctrine it is rather a geometrical conception than a physical

theory, inasmuch it simply assumes the requisite motions,

without attempting to explain their mechanical origin, or

assign them any dependence on physical causes. The New-
tonian theory of gravitation supplies this deficiency, and, by
showing that all the motions required by the Copernican con-

ception must, and that no others can, result from a single,

intelligible, and very simple dynamical law, has given a

degree of certainty to this conception, as a matter of fact,

which attaches to no other creation of the human mind.

(78.) To understand this conception in its further develop-

ments, the reader must bear steadily in mind the distinction

between relative and absolute motion. Nothing is easier to per-

ceive than that, if a spectator at rest view a certain number
of moving objects, they will group and arrange themselves

to his eye, at each successive moment, in a very different

way from what they would do were he in active motion

among them, — if he formed one of them, for instance, and

joined in their dance. This is evident from what has been

said before of parallactic motion ; but it will be asked. How
is such a spectator to disentangle from each other the two
•parts of the apparent motions of these external objects,— that

which arises from the effect of his own change of place, and
which is therefore only apparent (or, as a German meta-
physician would say, subjective— having reference only to

him as perceiving it),— and that which is real (or objective—
having a positive existence, whether perceived by him or

not) ? By what rule is he to ascertain, from the appearances

presented to him while himself in motion, what would be the

appearances were he at rest ? It by no means follows, indeed,

that he would even then at once obtain a clear conception
of all the motions of all the objects. The appearances so pre-

sented to him would have still something subjective about them.
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of the earth's surface should be able to compare their ob-

servations with effect, it is necessary that they should cleai-ly

understand and take account of this effect of the difference

of their stations on the appearance of the outward universe

as seen from each. As an exterior object seen from one

would appear to have shifted its place were the spectator

suddenly transported to the other, so two spectators, viewing

it from the two stations at the same instant, do not see it in

the same direction. Hence arises a necessity for the adoption

of a conventional centre of reference, or imaginary station

of observation common to all the world, to which each ob-

server, wherever situated, may refer (or, as it is called,

reduce) his observations, by calculating and allowing for the

effect of his local position with respect to that common centre

(supposing him to possess the necessary data). If there were
only two observers, in fixed stations, one might agree to refer

his observations to the other station
; but, as every locaHty

on the globe may be a station of observation, it is far more
convenient and natural to fix upon a point equally related to

all, as the common point of reference; and this can be no
other than the centre of the globe itself. The parallactic

change of apparent place which would arise in an object,

could any observer suddenly transport himself to the centre
of the earth, is evidently the angle C S P, subtended at the
object S by that radius C P of the earth which joins its

centre and the place P of observation.
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CHAPTER II.

TERlVnNOLOGT AND ELEMENTARY GEOMETRICAL CONCEPTIONS AND

RELATIONS.—TERMINOLOGY RELATING TO THE GLOBE OF THE

EARTH— TO THE CELESTIAL SPHERE. — CELESTIAL PERSPEC-

TIVE.

(81.) Several of the terms in use among astronomers have

been explained in the preceding chapter, and others used anti-

cipatively. But the technical language of every subject

requires to be formally stated, both for consistency of usage

and definiteness of conception. We shall therefore proceed,

in the first place, to define a number of terms m perpetua

use, having relation to the globe of the earth and the celestial

^'^)so) Definition 1. The axis of the earth is that dia-

meter about which it revolves, with a uniform motion, from

west to east ;
performing one revolution in the interval^ which

elapses between any star leaving a certain point m the

heavens, and returning to the same point again.
^

(83^ Def 2 The jsoZes of the earth are the points where

its axis meets its surface. The North Pole is that nearest to

Europe ; the South Pole that most remote from it.

(84 ) Def. 3. The eartKs equator is a great circle on its

surface, equidistant from its poles, dividing it into two hemi-

snh-res-a northern and a southern; in the midst of which

aL^situated the respective poles of the earth of those names.

The vlane of the equator is, therefore, a plane perpendicular

to the earth's axis, and passing through its centre.

f85 "I
Def 4. The terrestrial meridian of a station on the

e-irth's surface, is a great circle of the globe passing through

both poles and through the place. The plane of the meridian

is tlie plane in which that circle lies.
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(86.) Dep. 5. The sensible and the rational horizon of any

station have been already defined in art. 74.

(87.) Dep. 6. A meridian line is the line of intersection of

the plane of the meridian of any station with the plane of the

sensible horizon, and therefore marks the north and south

points of the horizon, or the directions in which a spectator

must set out if he would travel directly towards the north or

south pole.

(88.) Dep. 7. The latitude of a place on the earth's surface

is its angular distance from the equator, measured on its own
terrestrial meridian : it is reckoned in degrees, minutes, and

seconds, from 0 up to 90°, and northwards or southwards ac-

cording to the hemisphere the place lies in. Thus, the obser-

vatory at Greenwich is situated in 51° 28' 40" north latitude.

This definition of latitude, it will be observed, is to be con-

sidered as only temporary. A more exact knowledge of the

physical structure and figure of the earth, and a better ac-

quaintance with the niceties of astronomy, will render some
modification of its terms, or a diflPerent manner of considering

it, necessary.

(89.) Dep. 8. Parallels of latitude are small circles on the

earth's surface parallel to the equator. Every point in such

a circle has the same latitude. Thus, Greenwich is said to

be situated in the parallel of 51° 28' 40".

(90.) Dep. 9. The longitude of a place on the earth's

surface is the inclination of its meridian to ttat of some fixed

station referred to as a point to reckon from. English astro-

nomers and geographers use the observatory at Greenwich for

this station; foreigners, the principal observatories of their

respective nations. Some geographers have adopted the Island

of Ferro. Hereafter, when we speak of longitude, we reckon
from Greenwich. The longitude of a place is, therefore,

measured by the arc of the equator intercepted between the

meridian of the place and that of Greenwich
; or, which is the

same thing, by the spherical angle at the pole included
between these meridians.

(91.) As latitude is reckoned north or south, so longitude is

usually said to be reckoned west or east. It would add
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^

»xeatly, however, to systematic regularity, and tend much to

avoid confusion and ambiguity in computations were tl„»

mode of expression abandoned, and longitudes reckoned inva-

riably ..^ard from their origin round the whole crcle from

0 to^3e0^ Th. the ^gi^de o^^^^^^^^ eom.on

^^(0" irth^-senrt which we shall heucefor*

use ani recommend others to use the term 'he latter . .^

proper designation. Longitude is also reckoned m time at

the :l of 21h. for 360", or 15" per hour. In thiB system

the longitude of Paris is 23h. 50m. 39 Js

(92 ) ICnowing the longitude and latitude of a place, it

mav be laid down on an artiScial globe; and thus a map of

The earth may he constructed. Maps of particular countnes

*e d ached portions of this general map, extended into

Xnes or, rather, they are representations on planes of such

portions, e'xecuted according to certain -v-tional spt.^

^f rules called projections, the object of which eithei to

d stort - little as possible the outlines of— JJ^^^,
1 r.r. +liP o-lohe— or to establish easy means ot ascer

WnTb; inspectn or graphical measurement, the latitudes

and taAndes of places which occur in them, wi hont le-

fen-ii; ro the globe'or to books-or for other peculiar use.

I-^otr-tty^;-^^^^^^^

about 23° 28' respectively, north and south.

94.) DBF. 11 The Arctic and Antarctic circles are two

small circles or parallels of latitude as distant from the north

and outh poles as the tropics are from the equator, that 1

trsayrabout 23° 28'; their latitudes, therefore, are about

. TO du.in,u.„

=

„ .b.U inv.ri.Uy ••I'™
'°J;^.irlUtaes ..te bom .he p..ot,c. ot

(° ' ", and n. m. s.;. "

using the same marks for both.
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66° 32'. We say about, for the places of these circles and of

the tropics are continually shifting on the earth's surface,

though with extreme slowness, as will be explained in its

proper place.

(95.) Def. 12. The sphere of the heavens or of the stars

is an imaginary spherical surface of infinite radius, having the

eye of any spectator for its centre, and which may be con-

ceived as a ground on which the stars, planets, &c., the visible

contents of the universe, are seen projected as in a vast

picture. *

(96.) Def. 13. The poles of the celestial sphere are the

points of that imaginary sphere towards which the earth's

axis is directed.

(97.) Def. 14. The celestial equator, or, as it is often called

by astronomers, the equinoctial, is a great circle of the celestial

sphere, marked out by the indefinite extension of the plane

of the terrestrial equator.

(98.) Def. 15. The celestial horizon of any place is a great

circle of the sphere marked out by the indefinite extension of

the plane of any spectator's sensible or (which comes to the

same thing as will presently be shown), his rational horizon,

as in the case of the equator.

(99.) Def. 16. The zenith and nadir-\ of a spectator ai-e

the tAvo points of the sphere of the heavens, vertically over

his head, and vertically under his feet, or the poles of

* The ideal sphere without us, to which we refer the places of objects, and
which we carry along with us wherever we go, is no doubt intimately con-
nected by association, if not entirely dependent on that obscure perception of
sensation in the retincE of our eyes, of which, even when closed and unexcited,
we cannot entirely divest them. We have a real spherical surface within out
eyes, the seat of sensation and vision, corresponding, point for point, to the ex-
ternal sphere. On this the stars, &c. are really mapped down, as we have sup-
posed them in the text to be, on the imaginary concave of the heavens. When
the whole surface of the retina is excited by light, habit leads us to associate it
with the idea of a real surface existing without us. Thus we become impressed
with the notion of a sky and a heaven, but the concave surface of the retina itself
is the true seat of all visible angular dimension and angular motion. Tlie sub-
stitution of the retina for the heavens would be awkward and inconvenient in
language, but it may always be mentally made. (See Schiller's pretty enigma
on the eye in his Turandot )

t From Arabic words semt, vertex, and alnadhir, corresponding or opposite to.

Nadir corresponds evidently to the German nieder (down), whence our nether.
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the celestial horizon; that is to say, points 90° distant from

every point in it.

(100 ) DBF. 17. Vertical circles of the sphere are great

circles passing through the zenith and nadir, or great arcles

perpendicular to the horizon. On these are measured the

auLdes of objects above the horizon -the complements to

which are their zenith distances.
_

aoi) Def 18 The celestial meridian of a spectator is the

^reat circle marked out on the sphere by the prolongation of

L plane of his terrestrial meridian. If the earth be sup-

posed at rest, this is a fixed circle, and aU the stars are earned

across it in their diurnal courses from east to west If the

stars rest and the earth rotate, the spectator's meridian, hke

his horizon (art. 52.), sweeps daUy across the stars from

w s to east. Whenever in future we speak of the mendian

If a spectator or observer, we intend the celestial mendia.

which beinc a circle passing through the poles of the heaven^

Indte zenith of the'observer, is necessarily a -ticaW^

and passes, through the north and south pomts of the

^°a02 > Def. 19. The prime vertical is a vertical circle per-

pendiciilar to the meridian, and which therefore passes through

the east and west points of the horizon.

(103.) Def. 20. Azimuth is the angular distance of a_ ce

les al object from the north or south point o the horizon

according as it is the north or south pole which is«,
when theW is referred to the honzon by a verhc^;-!^;

or it is the an<.le comprised between
two vertical planes-one

"^IZ trou.^. the elevated pole, the other through the

'I^n.,.ma,^e— eastwards or we^^^^^^^^^

from the north or south point, and is usually BOjeckoned

only to 180° either way. But to avoid confusion, and to

prLve continuity of interpretation when a
g^^-^/^f

are used (a point of essential importance, utherto too little

S isted on),\ve shall always reckon azimuth the point

of t horiz n most remote from the elevated pole, u.'estu,ard (so

: 0 a^ree in general directions with the ^PP-nt
^^^^^^^

Ition of the stars), and carry its reckonmg from 0 to 360
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always reckoned positive, considering the eastward reckoning

as negative.

(104.) Def. 21. The altitude of a heavenly body is its ap-

parent angular elevation above the horizon. It is the com-

plement to 90°, therefore, of its zenith distance. The alti-

tude and azimuth of an object being known, its place in the

visible heavens is determined.

(105.) Def. 22, The declination of a heavenly body is its

angular distance from the equinoctial or celestial equator, or

the complement to 90° of its angular distance from the

nearest pole, which latter distance is called its Polar distance.

Declinations are reckoned plus or minus, according as the

object is situated in the northern or southern celestial hemi-

sphere. Polar distances are always reckoned from the North
Pole, from 0° up to 180°, by which all doubt or ambiguity

of expression with respect to sign is avoided.

(106.) Def, 23. Hour circles of the sphere, or circles of

declination, are great circles passing through the poles, and
of course perpendicular to the equinoctial. The hour circle,

passing through any particular heavenly body, serves to

refer ic to a point in the equinoctial, as a vertical circle does

to a point in the horizon,

(107.) Def. 24. The hour angle of a heavenly body is the

angle at the pole included between the hour circle passing

through the body, and the celestial meridian of the place of

observation. We shall always reckon it positively from the

upper culmination (art. 125.) icestwards, or in conformity
with the apparent diurnal motion, completely round the

circle from 0° to 360°. Hour angles, generally, are angles

included at the pole between different hour circles.

(108.) Def. 25. The right ascension of a heavenly body
18 the arc of the equinoctial included between a certain point

m that circle called the Vernal Equinox, and the point in the

same circle to which it is referred by the circle of declination

passing through it. Or it is the angle included between two
hour circles, one of which passes through the vernal equinox
(and 13 called the equinoctial colure), the other through the
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body. How the place of this initial point on the equinoctial

is determined, will be explained further on.

n ogT Th richt ascensions of celestial objects are always

reioni east^.:rcis fron. the equinox
^^^^^^^f^^^^^^

either in degrees, minutes, and seconds, as m the case ot

either in ae
,

360°, which completes the

terrestrial iongituaes, uum >

circle
• or, in time, in hours, minutes, and second., from Oh.

24h The apparent diurnal motion of tire Wens bemg

Tontrty to the ^eal motion of the earth this ,sm con or™ty

with the westward reckomng of longitudes. (Ait. 91.)

(110.) Sidereal time is reckoned by the dmnial mo ion o

drki^o:frr£er^x\:^^^^^^^^^^

oX: perceptiU, the inter..

hours, and these again into
, ,,te a.

which marks sidereal time, i. e. which goe at such a rat

-criiS-nri^xta^^^^^^^^
meridian, is caueu «,

TTpnce the hour

piece of furniture in every
"""'J-.f^^^l^ ,>er

Lgleof an object reduced to time

f '^f^';'^ °,,ij,|,\it

boSr, expresses the ^^^^
its reckoning he positive) it has past

negative, the time it wants of arr^ing he

^'Tifc" to te at thrsaine rate (since 360» heiiig

^detlT—y in .4 Ho- ia= n^st e . d^^^^^^^^

i. 1 hour), will express "^^tt-^^i.^, across the

elapses from the passage of the veinai i

"meridian to that of the objeet next subsequent

particular regions onhe s„ f.e^^^^^
as charts of particu-

„r general map of *e heav
^^^^^
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of the heavens and the celestial equator. Such a representii-

tion, once made, will exhibit a true appearance of the stars

as they present themselves in succession to every spectator

on the sm-face, or as they may be conceived to be seen at

once by one at the centre of the globe. It is, therefore, in-

dependent of all geographical localities. There will occur in

such a representation neither zenith, nadir, nor horizon—
neither east nor west points ; and although great circles may
be drawn on it from pole to pole, corresponding to terrestrial

meridians, they can no longer, in this point of view, be re-

garded as the celestial meridians of fixed points on the earth's

sm-face, since, in the course of one diurnal revolution, every

point in it passes beneath each of them. It is on account of

this change of conception, and with a view to establish a

complete distinction between the two branches of Geography
and Uranography*, that astronomers have adopted different

terms, (viz. declination and right ascension) to represent those

arcs in the heavens which correspond to latitudes and longi-

tudes on the earth. It is for this reason that they term the

equator of the heavens the equinoctial; that what are me-
ridians on the earth are called hour circles in the heavens,
and the angles they include between them at the poles are

called hour angles. All this is convenient and intelligible

;

and had they been content with this nomenclature, no con-
fusion could ever have arisen. Unluckily, the early astro-

nomers have employed also the words latitude and longitude
in their uranography, in speaking of arcs of circles not cor-
responding to those meant by the same words on the earth,

but having reference to the motion of the sun and planets
among the stars. It is now too late to remedy this confusion,
which is ingrafted into every existing work on astronomy

:

we can only regret, and warn the reader of it, that he may
be on his guard when, at a more advanced period of our work,
we shall have occasion to define and use the terms in their
celestial sense, at the same time urgently recommending to
future writers the adoption of others in their places.

* r?7, the earth
; ypaipeiv, to describe or represent

; ovpavos, t!;e '.leaden.
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(112.) It remains to illustrate these descriptions by re-

ference to a figure. Let C be the centre of tbe earth, N C S

ats axis ; then are N and S its poles ;
E Q its equator

;
AB

the parallel of latitude of the station A on its surface; A _r

parallel to S C N, the direction in which an observer at A will

see the elevated pole of the heavens ;
and A Z, the Folonga-

tion of the terrestrial radius C A, that of his zenith. N A 1. b

will be his meridian; NGS that of some fixed station as

Greenwich ; and GE, or the spherical angle GNE, his on-

gitude, and E A his latitude. Moreover if ns be a plane

Lchhig the surface in A, this will be his sensible horizon

;

„ A . marked on that plane by its intersection with his me-

ridian will be his meridian line, and n and . the north and

south points of his horizon. .

(113. ) Again, neglecting the size of the earth, or conceiving

him stationed at its centre, and referring every thing to his

.a^.-.naZ horizon; let the annexed figure represent the sphere

of the7.«; C the spectator; Z his zenith; and N h

nadir: thenwiUHAO a great circle of the sphere whose

1. are Z N be his celestial horizon; Vp the elevated and

Po!k of the heavens; H P the altitude of the pole,

3 H P Z E 0 his meridian ; E T Q, a great circle perpen-

V 1 r to P V will be the equinoctial ; and if T represent the

t^^rT^\>^ the rilkt ascension, T S the decUnation,
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and P S the polar distance of any star or object S, referred

to the equinoctial by the hour circle P S Tp ; and BSD
B 7,

will be the diurnal circle it will appear to describe about the
pole. Again, if we refer it to the horizon by the vertical

circle Z S M, O M wiU be its azimuth, M S its altitude, and
Z S its zenith distance. H and O are the north and south.,

e w the east and west points of his horizon, or of the heavens.
Moreover, if H li, O o, be small circles, or parallels of dccli-

waftow, touching the horizon in its north and south points,
H h will be the circle of perpetual apparition, between which
and the elevated pole the stars never set ; 0 o that of per-
petual occultation, between which and the depressed pole they
never rise. In all the zone of the heavens between H h and
Oo, they rise and set; any one of them, as S, remaining
above the horizon in that part of its diurnal circle repre-
sented by a B A, and below it throughout all the part repre-
sentedbyADa. It will exercise the reader to construct
this figure for several different elevations of the pole, and for a
variety of positions of the star S in each.

"

(114.) Celestial perspective is that branch of the general
science of perspective which teaches us to conclude, from a
knowledge of the real situation and forms of objects, lines,
angles, motions, &c. with respect to the spectator, their ap-
parent aspects, as seen by him projected on the imaginary
concave of the heavens; and, vice versa, from the appcirent
configurations and movements of objects so seen projected,

P 2
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, 1„ .„ far as they can be thence concMeil, then'

to conclude, so iai as tney
spectator.

,eal goometrlcal relafons to o*e^ to

It agrees with "^'-^ ^'^''^P^.;;
tnca"" g«und of the

area is contemplated, '""=7! '^^""^^"L regarded as a

celestial sphere, depicted

p^e surface o^^^'^^^^i:^^^ J^e^Hudes of the

as m common perspccuv
contents of

Vsual area arc cons.dered,
;,terior surface

space arc regarded as P"J««*«='i ""^
; , afferent phra-

.0? the sphere, it become.—
''t f«m of conception. In

seology, aud to resort to a '^"^oj^l^' Unt of sight," or

common P-P-'"V v "d line from the eye to

centre of the p.c nrc the
^

„

™hich is perpend,cnlar to the plane P^^

straight lines are ^^^^ '^^iZL-, is for the moment

perspective,
^^^^J

V-^^ZL considered as the "centre

.directed, IS equally * . ^^„,feceof thespherebemg

,otthepictnre "e,ery port^n^
^^^^ , U,c

similarly related *» *^ "^^^ prolonged) is projected into a

(supposed to be
'"<''='*"'7Xely in which a plane passmg

semicircle of the sphere, that, name y, .

through the line and he
ai^^ion, is pro-

,ystem of parallel
<>^'-fl^^^'^l^ „f the sphere, meeting m

jected into a system of sem.c eta
jj^^ctrically op-

two common apexes, °%™"*
";Jc=ponds to 4e vanishing

p„sitetoeaehother,onc
ofwhKh oo

2^ j,,^^ such

point of parallels in ordmary P^P^'^U, every point in

perspective I'''' "°
''SI

""
u directed may be regarded as one

the sphere to which the eye a
^ ^^^^^

^,j,^,g,,t

of the vanishing pomts or
""^j ;^ „i,ic,, passes through

)i,es parallel to that
J^^u, seen in perspective

it or to the direction of the ' °'

J" V opposite, or that

Lm the earth, and the PO^^ "'-^'tld any great cirfe

'tript"™^^^^^^^^^^
l';lm of 1*".^^^^^^^ rU often to be had by



CELESTIAL PERSPECTIVE. 69

rays are darted through apertures in clouds, the sun itself

being at the tinae obscured behind them. These lines which,
marking the course of rays emanating from a point almost
infinitely distant, are to be considered as parallel straight lines,

are thrown into great circles of the sphere, having two apexes
or points of common intersection— one in the place where
the sun itself (if not obscured) would be seen, the other di-
ametrically opposite. The first only is moat commonly sug-
gested when the spectator's view is towards the sun. But
in mountainous countries, the phenomenon of sunbeams
converging towards a point diametrically opposite to the sun,
and as much depressed below the horizon as the sun is elevated
above it, is not unfrequently noticed, the back of the spectator
being turned to the sun's place. Occasionally, but much
more rarely, the whole course of such a system of sunbeams,
stretching in semicircles across the hemisphere from horizon
to horizon (the sun being near setting), may be seen.* Thus
again, the streamers of the Aurora Borealis, which are doubt-
less electrical rays, parallel, or nearly parallel to each other,
and to the dipping needle, usually appear to diverge from the
pomt towards which the needle, freely suspended, would dip
northwards (i. e. about 70° below the horizon and 23° west of
north from London), and in their upward progress pursue
the course of great circles till they again converge (in ap-
pearance) towards the point diametrically opposite {i. e. 70°
above the horizon, and 23° to the eastward of south),
formmg a sort of canopy over head, having that point for its
centre. So also in the phenomenon of shooting stars, the
lines of direction which they appear to take on certaii re-
markable occasions of periodical recurrence, are observed, if

tions oVnl "
'"'^ conceive them as circles, the ordinary conven

o wu^eS on InZlT-" ':r'"',"^
''''' ^"''^ ''^^ the g^d fo, tune

stance of nZ^ V " P"="°'»«n°n described in the text under circum-

Sept 30 is^r about"ah ^'""^Z' ^PP'-^-'^-g Lyons from the south on

masses of aor^l .l^ 7 ^
'•m., the sun was seen nearly setting behind broken

coloured UhtTactbl • "''"f 'T'^''"''
^'^^^'"'^'^ forth beams of rose-

of cony^r~ Tott\ f
^'^^^'^Ph'^'-'-' almost to their opposite point

visible at noarlv in T'^^ precipices of Mont Blanc, conspicuously

of another but Sprc " '^^''^ i'nprcsslon produced was that

forth precursorv h
*° ^''""^ ^''^^'"1 mountain, and dartineprecursory beams to meet those of the real one opposite.

^
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prolonged backwards, apparently to meet nearly in one point

of the sphere ; a certain indication of a general near approach

to parallelism in the real directions of their motions on those

occasions. On which subject more hereafter.

(116.) In relation to this idea of celestial perspective, we

may conceive the north and south poles of the sphere as the

two vanishing points of a system of lines parallel to the axis

of the earth ; and the zenith and nadir of those of a system

of perpendiculars to its surface at the place of observation,

&c. It will be shown that the direction of a plumh-hne at

every place is perpendicular to the surface of stiU water at

that place, which is the true horizon; and though mathe-

matically speaking no two plumb-lines are exactly parallel

(since they converge to the earth's centre), yet over very

small tracts, such as the area of a building— in one and the

same town, &c., the difference from exact parallelism is so

smaU that it may be practically disregarded.* To a spec-

tator looking upwards such a system of plumb-hnes will ap-

pear to converge to his zenith ; downwards, to his nadir.

(117.) So also the celestial equator, or the equinoctial, must

be conceived as the vanishing circle of a system of planes pa-

rallel to the earth's equator, or perpendicular to its axis. The

celestial horizon of any spectator is in hke manner the

vanishing circle of all planes parallel to his true horizon, ot

which planes his rational horizon (passing through the earth s

centre) is one, and his sensible horizon (the tangent plane ot

his station) another. „ , ,.

(118.) Owing, however, to the absence of all the ordmary

indications of distance which influence our judgment m re-

spect of terrestrial objects; owing to the want of determmate

figure and magnitude in the stars and planets as commonly

seen-the projection of the celestial bodies on the ground of

the heavenly concave is not usually regarded in this its true

licrht of a perspective representation or picture, and it even re-

cuires an eff-ort of imagination to conceive them m their true

i-elations, as at vastly different distances, one behmd the other,

* An interval of , mile corresponds to a convergence of plumb-lines amount-

ing to somewhat less space than a minute.
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and forming with one another lines of junction violently fore-

shortened, and including angles altogether differing from
those which their projected representations appear to make.
To do so at all with effect presupposes a knowledge of their

actual situations in space, which it is the business of astro-

nomy to arrive at by appropriate considerations. But the
connections which subsist among the several parts of the pic-
ture, the purely geometrical relations among the angles and
sides of the spherical triangles of which it consists, constitute,

under the name of Uranometry*, a preliminary and sub-
ordinate branch of the general science, with which it is

necessary to be familiar before any further progress can be
made. Some of the most elementary and frequently oc-
curring of these relations we proceed to explain. And first,

as immediate consequences of the above definitions, the fol-

lowing propositions will be borne in mind.

(119.) The altitude of the elevated pole is equal to the lati-

tude of the spectator's geographical station.

For it appears, see Jig. art. 112., that the angle P AZ be-
tween the pole and the zenith is equal to IST C A, and the angles
Z A « and N C E being right angles, we have P A 7z=A C E.
Now the former of these is the elevation of the pole as seen
from E, the latter is the angle at the earth's centre subtended
by the arc E A, or the latitude of the place.

(120.) Hence to a spectator at the north pole of the earth,
the north pole of the heavens is in his zenith. As he travels
southward it becomes less and less elevated till he reaches
the equator, when both poles are in his horizon— south of
the equator the north pole becomes depressed below, while
the south rises above his horizon, and continues to do so till
the south pole of the globe is reached, when that of the
heavens will be in the zenith.

(121.) The same stars, in their diurnal revolution, come to
tbe meridian, successivehj, of every place on the globe once
in twenty-four sidereal hours. And, since the diurnal ro-
tation IS uniform, the interval, in sidereal time, which elapses

herveS"""'
heavens; /irrpor, to measure: the measurement of the
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between the same star coming npon the meridians of two

different places is measured by the difference of longitudes

of the places. , i.

'

^192 ) m »«-»(i-the Internal elapsmg between two A/-

fLt :L conning on tbe meridian of one

--J
"

f^'^

expressed in sidereal time, is the measure of the diffe.enee

right ascensions of tire stars.

an ^ The equinoctial intersects the horizon m the east

and west points'and the meridian in a point whose atotude

U enual to the co-latitude of the place. Thus, a Greenwr h,

ofThick the latitude is SI" 28' 40", *f
*tude °f

^'j'J;
tersection of the equinoctial and meridian is 38 31 2U •

The north and south poles of the heavens are he poles of

Te e^loctiah The east and west points of thehor^on of a

spectator are the poles of his celestial -^^T,
and south points of his horizon are tire poles

»/ 'j^'

tieal and 1 is zenith and nadir are the poles of his horizon
^

Tm) AU the heavenly bodies culm«^ate (i. come to thei

gr tett altitudes) on the meridian; wl^^V"
t'etb; h

best situation to observe them, being least " ^^^^
™

inequalities and vapours of the atmosphere, as well as least

'trst KS-obieets within the circle of perpetual

Thefe are called their uf^er
.^^^^bed

n2(! -I The problems of uranometry, as we have descnoea

T\- We shall only here observe generallj ,
that in ail

to tlian tire
distances rather than dc-

trsne^rilri than altitudes... Bear-



ELEMENTARY RELATIONS.

ing this in mind, there are few problems in uranometry which

will offer any difficulty. The following are the combinations

which most commonly occur for solution when the place of

one celestial object only on the sphere is concerned,

(127.) In the triangle Z P S, Z is the zenith, P the

elevated pole, and S the star, sun, or other celestial object.

In this triangle occur, 1st, P Z, which being the comple-

ment of P H (the altitude of the pole), is obviously the com-

plement of the latitude (or the co-latitude, as it is called) of

the place ;
2d, P S, the polar distance, or the complement of

the declination (co-declination) of the star
;

3d, Z S, the

zenith distance or co-altitude of the star. If P S be greater

than 90°, the object is situated on the side of the equinoctial

opposite to that of the elevated pole. If Z S be so, the ob

ject is below the horizon.

In the same triangle the angles are, 1st, Z P S the hour

angle ; 2d, P Z S (the supplement of S Z 0, which latter

is the azimuth of the star or other heavenly body), 3d, P S Z,

an angle which, from the infrequency of any practical re-

ference to it, has not acquired a name.*

The following five astronomical magnitudes, then, occur

among the sides and angles of this most useful triangle : viz.

1st, The co-latitude of the place of observation
;

2d, the

polar distance
;
3d, the zenith distance ; 4th, the hour angle

;

and 5th, the sub-azimuth (supplement of azimuth) of a given

celestial object ; and by its solution therefore may all pro-

blems be resolved, in which three of these magnitudes are

directly or indirectly given, and the other two requu-ed to be

found.

(128.) For example, suppose the time of rising or setting

of the sun or of a star were I'cquired, having given its right

ascension and polar distance. The star rises when apparently

on the horizon, or really about 34' below it (owing to refrac-

tion), so that, at the moment of its apparent rising, its zenith

• In the practical discussion of the measures of double stars and other objects
by the aid of the position micrometer, this angle is sometimes required to be
known

; and, when so required, it will be not inconveniently referred to as 'tho
angle of position of the zenith."



the three sides of the triangle, to find the honr angle ZP b,

which, being known, is to be added to or subtracted from the

star's right ascension, to give the sidereal time of settmg or

rising, which, if we please, may be converted into solar time

by the proper rules and tables.
_

(129.) As another example of the use of the same triangle,

we may propose to find the local sidereal time, and the latitude

of the place of observation, by observing equal altitudes of the

same star east and west of the meridian, and noting the interval

of the observations in sidereal time.
,

, . , r n

The hour angles corresponding to equal altitudes of a fixed

star being equal, the hour angle east or west will be measured

by half the observed interval of the observations. In our

tingle, then, we have given this hour angle Z P S the pola

distance P S of the star, and Z S, its co-altitude at the moment

of observation. Hence we may find P Z, the co-latitude of

the place. Moreover, the hour angle of the star being known,

and also its right ascension, the point of the equmoctial is

known, which is on the meridian at the moment of observa-

•xtion
• and, therefore, the local sidereal time at that moment.

This isa ty useful observation for determining the latitude

and time at an unknown station.
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CHAPTER IIL*

OF THE NATURE OF ASTRONOMICAL INSTRUMENTS AND OBSERVA-

TIONS IN GENERAL. OP SIDEREAL AND SOLAR TIME. OF THE

MEASUREMENTS OF TIME. CLOCKS, CHRONOJIETERS. OF AS-

TRONOinCAL MEASURESIENTS. PRINCIPLE OF TELESCOPIC SIGHTS

TO INCREASE THE ACCURACY OF POINTING.— SIMPLEST APPLICA-

TION OF THIS PRINCIPLE. THE TRANSIT INSTRUMENT. OP THE

MEASUREMENT OP ANGULAR INTERVALS. METHODS OF INCREAS-

ING THE ACCURACY OF READING. THE VERNIER.— THE MICRO-

SCOPE.— OF THE MURAL CIRCLE. THE MERIDIAN CIRCLE.

FIXATION OF POLAR AND HORIZONTAL POINTS. THE LEVEL,

PLUMB-LINE, ARTIFICIAL HORIZON. PRINCIPLE OP COLLIMATION.

—COLLIMATORS OP RITTENHOUSE, ICATER, AND BOHNENBERGER.

OF COMPOUND INSTRUMENTS "WITH CO-ORDINATE CIRCLES THE
EQUATORIAL, ALTITUDE, AND AZIMUTH INSTRUMENT. THEO-
DOLITE.— OP THE SEXTANT AND REFLECTING CIRCLE. — PRIN-

CIPLE OF REPETITION. OP MICROJIETERS. PARALLEL WIRE
MICROMETER.— PRINCIPLE OF THE DUPLICATION OF IMAGES.

THE HELIOJIETER. DOUBLE REFRACTING EYE-PIECE. VARIA-

BLE PRISM MICROMETER.—OF THE POSITION MICROMETER.

ILLUMINATION OF WIRES.— SOLAR TELESCOPE AND EYE-PIECIi

HELIOSCOPY.— C0LLI3IATI0N OP LARGE REFLECTORS.

(1 30.) Our first chapters have been devoted to the acquisition

chiefly of preliminary notions respecting the globe we inhabit,

its relation to the celestial objects which surround it, and the

physical circumstances under which all astronomical observa-

tions must be made, as well as to provide ourselves with a

stock of technical words and elementary ideas of most frequent

and familiar use in the sequel. "VVe might now proceed to a

more exact and detailed statement of the facts and theories

of astronomy
;
but, in order to do this with full effect, it will

be desirable that the reader be made acquainted with the

• The student who is anxious to become acquainted with the chief subject

matter of this work, may defer the reading of that part of this chapter which is

devoted to the description of particular instruments, or content liimself with a
cursory perusal of it, until farther advanced, when it will be necessary to return

to it.
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principal means which astronomers possess, of determining,

with the degree of nicety their theories require, the data on

which they ground their conclusions; in other words, of as-

certaining by measurement the apparent and real magnitudes

with which they are conversant. It is only when m pos-

session of this knowledge that he can fuUy appretiate either

the truth of the theories themselves, or the degree of reliance

to be placed on any of their conclusions antecedent to trial

:

since it is only by knowing what amount of error can cer-

tainly be perceived and distinctly measured, that he can

satisfy himself whether any theory offers so close an approx-

imation, in its numerical results, to actual phenomena, as will

iustify him in receiving it as a true representation of natui-e.

(131.) Astronomical instrument-making may be justly

regarded as the most refined of the mechanical arts,_and that

in which the nearest approach to geometrical precision is re-

quired, and has been attained. It may be though an easy

thino-, by one unacquainted with the niceties required to turn

a circle L metal, to divide its circumference mto 360 equal

parts, and these again into smaller subdivisions,- to place i

'accurately on its centre, and to adjustit m a g-- PO.tion

but practicaUy it is found to be one of the most difficul .

NorliU this appear extraordinary, when it is considered that,

owinc. to the application of telescopes to the purposes of an-

gllar^measurement, every imperfection of—e or d..

fon becomes magnified by the whole optical power of ^^t

instrument; and%hat thus, not only dii.ct errors of wo k-

luanship, arising from unsteadiness of hand or unperfection ot

tools, but those inaccuracies which originate m far moie

uncontrollable causes, such as the unequal expansion and

contraction of metallic masses by a change of temperature

and their unavoidable flexure or bending by their own weight,

become perceptible and measurable. An angle o one minute

o uples! on the circumference of a circle of 0 inches i

r Z, only about ,l,th part of an inch, a quantity too small

tZ ceJainl, dealt with without the use o niagmf>-ing

classes- yet one minute is a gross quantity m the astro-S—ment of an angle. With the mstruments
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now employed in observatories, a single second, or the 60th

part of a minute, is rendered a distinctly visible and appreti-

able quantity. Now, the arc of a circle, subtended by one

second, is less than the 200,000th part of the radius, so that on

a circle of 6 feet in diameter it would occupy no greater linear

extent than jYogth part of an inch ; a quantity requiring a

powerful microscope to be discerned at all. Let any one
figure to himself, therefore, the diflSculty of placing on the

circumference of a metallic circle of such dimensions (sup-

posing the difficulty of its construction surmounted), 360
marks, dots, or cognizable divisions, which shall all be true to

their places within such narrow limits ; to say nothing of the

subdivision of the degrees so marked off into minutes, and of

these again into seconds. Such a work has probably baffled,

and will probably for ever continue to baffle, the utmost
stretch of human skill and industry

; nor, if executed, could

it endure. The ever varying fluctuations of heat and cold

have a tendency to produce not merely temporary and
transient, but permanent, uncompensated changes of form in

all considerable masses of those metals which alone are applic-

able to such uses ; and their own weight, however symmetri-
cally formed, must always be unequally sustained, since it is

impossible to apply the sustaining power to every part sepa-
rately : even could this be done, at all events force must be
used to move and to fix them ; which can never be done with-
out producing temporary and risking permanent change of
form. It is true, by dividing them on their centres, and in
the identical places they are destined to occupy, and by a
thousand ingenious and delicate contrivances, wonders have
been accomplished in this department of art, and a degree of
perfection has been given, not merely to chefs d'ceicvre, but to

mstruments of moderate prices and dimensions, and in ordi-

nary use, which, on due consideration, must appear very
surprising. But though we are entitled to look for loonders
at the hands of scientific artists, we are not to expect miracles.
The demands of the astronomer will always surpass the power
of the artist

; and it must, therefore, be constantly the aim
of the former to make himself, as far as possible, independent
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of the imperfections incident to every work the latter can

place in his hands. He must, therefore, endeavour so to

combine his observations, so to choose his opportunities, and

so to familiarize himself with all the causes which may pro-

duce instrumental derangement, and with all the peculiarities

of structure and material of each instrument he possesses, as

not to allow himself to be misled by their errors, but to ex-

tract from their indications, as far as possible, all that is true

and reject all that is erroneous. It is in this that the art ot

the practical astronomer consists,- an art of itself of a curious

and intricate nature, and of which we can here only notice

some of the leading and general features.
_

a32) The o-reat aim of the practical astronomer being

numerical correctness in the results of instrumental measure-

ment, his constant care and vigilance must be directed to the

detection and compensation of errors, either by annihdatmg,

or by taking account of, and allowing for them, ^o^v, it we

examine the sources from which errors may arise m any in-

strumental determination, we shall find them chiefly reducible

" ^^/SS^oTlncidental causes of error; c^-

pihendL those which depend on external, unconti.llab.^

Tcumstances: such as, fluctuations of7-"^^^^'
the amount of refraction from its tabulated value and, bei

reducible to no fixed law, induce uncertainty to the extent

of ^hl o vn possible magnitude; such by varying he

mpS^ture 0/ the air, vary also the form and po-
-^^^^^^^

instruments used, by altering the -kt-e -agni udes and the

tension of their parts ; and others of the hke natu •

n34 ^ 2dly, Errors of observation: such as aiise, loi ex

aniple im in.xpertnes; defective vision, slowness m seizing

rtet..Jofoc_of^^^^

n
'

Ui^f head miy also be classed all errors ansmg

. m—yins—1
" ^^^^^^ ^

llS'sS'T^b^^-ci by fHr the most numerous class
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of errors to which astronomical measurements are liable, arise

from causes which may be deemed instrumental, and which
may be subdivided into two principal classes. The ^rsif com-
prehends those which arise from an instrument not being what
it professes to be, which is error of workmanship. Thus, if

a pivot or axis, instead of being, as it ought, exactly cylin-
drical, be slightly flattened, or elliptical,— if it be not exactly
(as it is intended it should be) concentric with the circle it

carries;— if this circle (so called) be in reality rao? exactly
circular, or not in one plane ; — if its divisions, intended to
be precisely equidistant, should be placed in reality at un-
equal intervals, — and a hundred other things of the same
sort. These are not mere speculative sources of error, but
practical annoyances, which every observer has to contend
with.

(136.) The other subdivision of instrumental errors com-
prehends such as arise from an instrument not being placed
in the position it ought to have ; and from those of its parts,
which are made purposely moveable, not being properly dis-
posed zre^er se. These are errors of adjustment. Some are
unavoidable, as they arise from a general unsteadiness of the
soil or buUding in which the instruments are placed; which,
though too minute to be noticed in any other way, become
appretiable in delicate astronomical observations: others,
again, are consequences of imperfect workmanship, as where
an instrument once well adjusted will not remain so, but
keeps deviating and shifting. But the most important of this
class of errors arise from the non-existence of natural indica-
tions, other than those afforded by astronomical observations
themselves, whether an instrument has or has not the exact
position, with respect to the horizon and its cardinal points,
the axis of the earth, or to other principal astronomical lines
and circles, which it ought to have to fulfil properly its objects.

^
(137.) Now, with respect to the first two classes of error.

It must be observed, that, in so far as they cannot be reduced
to known laws, and thereby become subjects of calculation
and due allowance, they actually vitiate, to their full extent,
the results of any observations in which they subsist. Beina,
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Bults. Hence, Dy g
^^fevourable. and taking

varied circumstances, by avomiiio

, J. „f fnvminble circumstances of weather, or otner

advantage of f"™"""'" °
„a,^^,ao-e- and finally, by taking

wise using opportum^ to «lvanta

the mm» »r a.^my^ of the
t„ destroy one

errors -^^V ^ ^.^f^^^^^.e any theoretical or

another, as no longer sen b y
^^^^

practical condu-o°; Th'S 'S the g—tSX- —^^^^^^ -"1- in every depart-

TlV/) w"rt errors of adjustment and work-

^
I no onlY the tat *e certainty of then- ex-

manship, not only ? » instruments, must be

ktence, in every imaginable form,
"'J^ ^ ^

contemplated. Human hands -
Herpjudicular, nor

circle, drew a straight line, or
"'['^''^^JJ

ever placed an instrument inj«r>< a^u «^e^^.
^^.^

dentally, and then only
approximation to all

does not prevent, however, that
^

S'-^^' 'W
enliarity

these desiderata should be Jut -Ms P_^^

„t astronomi^cal "''-""^^^'^yeh elu^e by their mi-

°' ^""Irld oT detection. What the eye

nnteness every "^f^,"! „erceive, a course of astronomical

cannot discern nor the ton^
p^^^^^^^^

observations will make
'''^^Y^^^^^

products of man's hands are hei e os ed »
;„„ding

Lmparisonunderverygreatmagnrfym
pow t

^.^^

in effect to a great increase » acu ene^s

°J

P

the perfect workmanship oJnat„«
and

^ ^.^^ ^^^^^.^^ ^

wUl bear the trial ^ow, >t m
y^^^^ ^^^^ ^^.^^^^

vicious circle, to deduce fteo«^^^^^^^

observation, and tnen
^adc, accuse them of im-

with which those»"°",„a rectify their errors by

'-nrv«ySs »^
means oi tne vcij
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US to a knowledge of. A little consideration, however, will

suffice to show that such a course of proceeding is perfectly
legitimate.

(139.) The steps by which we arrive at the laws of natural
phenomena, and especially those which depend for their veri-
fication on numerical determinations, are necessarily suc-
cessive. Gross results and palpable laws are arrived at by
rude observation with coarse instruments, or without any in-
struments at all, and are expressed in language which is not
to be considered as absolute, but is to be interpreted with a
degree of latitude commensurate to the imperfection of the
observations themselves. These results are corrected and re-
fined by nicer scrutiny, and with more deUcate means. The
first rude expressions of the laws which embody them are

'

perceived to be inexact. The language used in their ex-
pression is corrected, its terms more rigidly defined, or fresh
terms introduced, until the new state of language and termi-
nology is brought to fit the improved state of knowledge
of facts. In the progress of this scrutiny subordinate laws
are brought into view which still further modify both the
verbal statement and numerical results of those which first
offered themselves to our notice; and when these are traced
out and reduced to certainty, others, again, subordinate to
them, make their appearance, and become subjects of further
inquiry Now, it invariably happens (and the reason is
evident) that the first glimpse we catch of such subordinate
laws— the first form in which they are dimly shadowed out
to our minds- is that of errors. We perceive a discordance
between what we expect, and what we Jind. The first oc-
currence of such a discordance we attribute to accident It
happens again and again; and we begin to suspect our in-
struments. We then inquire, to what amount of error their
aetermmations can, by possibility, be liable. If their limit ofpossme error exceed the observed deviation, we at once con-

fJn/
*^^?°'*™™ent, and set about improving its construc-

80 farV t'^'"*'"
'^^^ deviations occur, and,

finoT^^i,^^™/ ° palliated, are more marked and better de-
faned than before. We are now sure that we are on the
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traces of a la^Y of nature, and we pursue U till we have

reduced it to a definite statement, and verified it by repeated

observation, under every variety of circumstances.

(140.) Now, in the course of this inquiry, it wiU not fail

to happen that other discordances will strike us. Taught by

expexience, we suspect the existence of

before unknown; we tabulate {i. e. draw out in oider) the

results of our observations ; and we perceive, m this synoptic

statement of them, distinct indications of a regular progres-

sion Ao-ain we improve or vary our mstruments and we

now lose sight of this supposed new law of nature altogether,

or find it replaced by some other, of a totally difi-erent cha-

racter Thus we are led to suspect an instrumental cause

for what we have noticed. We examine, therefore, the theory

of our instrument ; we suppose defects in its structure, and,

by the aid of geometry, we trace their influence m intro-

ducinc. actual errors into its indications. These errors have

their ta^s, which, so long as we have no
^--^^^f"v

to c^uide us, may be confounded with laws of nature, as they

are mixed up with them in their effects. They are not for-

tuitous, like errors of observation, but, as they arise from

sources inherent in the instrument, and unchangeable whde

t ^d its adjustments remain unchanged, they are reducible

to fixed and ascertainable forms; each particular defec ,

whether of structure or adjustment, producmg its own ap-

propriate form of error. When these - thoiwg% xnve -

ticated we recognize among them one which comcide. m its

nature and progression with that of our observed discord-^ The\ii;stery is at once solved We have detected,

by direct observation, an instrumental detect.

^141.) It is, therefore, a chief requisite for the practic^

astronomer to make himself completely amiliar with the

Zl of bis instruments. By this alone is he enabled at once

to decide what effect on his observations any given imperfec-

t on of structuf or adjustment will produce m any given

. „r.r1pr which an observation can be made, ihis

r™r::; l:etm iu . condition » derive avaUable
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the influence of such imperfections, by so arranging his ob-
eervations, that it shall affect their results in opposite ways,
and that its influence shall thus disappear from their mean,
which is one of the chief modes by which precision is attained

in practical astronomy. Suppose, for example, the principle

of an instrument required that a circle should be concentric

with the axis on which it is made to turn. As this is a con-

dition which no workmanship can exactly fulfil, it becomes
necessary to inquire what errors will be produced in observa-
tions made and registered on the faith of such an instrument,
by any assigned deviation in this respect ; that is to say, what
would be the disagreement between observations made with
it and with one absolutely perfect, could such be obtained.
Now, simple geometrical considerations suflfice to show 1st.

that if the axis be excentric by a given fraction (sg,y one
thousandth part) of the radius of the circle, all angles read off
on that part of the circle towards which the excentricity lies,

will appear by that fractional amount too small, and all on
the opposite side too large. And, 2dly, that whatever be the
amount of the excentricity, and on whatever part of the circle
any proposed angle is measured, the eflTect of the error in
question on the result of observations depending on the
graduation of its circumference (or limb, as it is technically
called) will be completely annihilated by the very easy method
of always reading off the divisions on two diametrically op-
posite points of the circle, and taking a mean ; for the effect
of excentricity is always to increase the arc representing the

:
angle in question on one side of the circle, by just the same

' quantity by which it diminishes that on the other. Again,
i suppose that the proper use of the instrument required that
t this axis should be exactly parallel to that of the earth. As
i It never can be placed or remain so, it becomes a question,
'
what amount of error will arise, in its use, from any assigned

^ deviation, whether in a horizontal or vertical plane, from this

f
precise position. Such inquiries constitute the theory of in-

' strumental errors ; a theory of the utmost importance to
practice, and one of which a complete knowledge will enable
an observer, with moderate instrumental means, often to
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t„the.nost refined and cost y J"'^,;,,aerat;ons of

,e m^^^^f\^2X\^':Xr^ not difficult, in

pure geometry,
^ave no further concern w.th

tl,e present work, to^ve , ^^.^^y 3,.

t rc^S :rrcous.eria ^ perfect .otU in

construction and ^^J^^^^^^^'*
^3,,^ essential to a right

understanding of the
^^^^^^^^ elucidate them by talong

of astronomical methods,
before the m-

one or two special cases
^

Ohse-ant p
^^^^^^^^^

,.ention of astronomical .^^^trumef,
^^^^

t,e apparent diurnal m^ions of^ he t ^P^^^

circles about fixed
conclusion, however,

foregoing chapter, in aiaw „ ^ ^^^-^ notice

refraction was entirely overboM,
r^^t

^^^^ ,,;g,,bourbood

by its great magnitude .n t

; clarity, and, as

i the h«-izon, was reg'^^^^
^^J" ^ soon, however, as the

such, neglected ""'""trrattetVed he tt-aced by iu-

Ciurnal paths of the stars
^ ^^^^ ^^,,„e e,-ident that

.truments, even of the coarsest W^^^^

the notion of exact circles

^^=;™f , correctly,

same pole would not ''''P" "'
Xr! the apparent diurnal

but that, owing to some ^-"^ ° Jar into an oval

orbit of every star is

ff Hs upper; and the

form, its lower =egme"t being/««-- ^ ^^d the

deviation being greater the nearer^
^^^^^

horizon, the effect being the same as .

squeezed upwards from below and he
^^^^^ ^^^^

the higher. For such an " ' ^ '
became necessary to

from no casual or ''^^"^Uay occurred, to solve

:^;iffi:X"^T-/'--

may use such iQsuu
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what we have already noticed (art. 47.), of the apparent dis-

tortion of the sun near the horizon, only on a larger scale,

and traced up to greater altitudes. This new law once

estabhshed, it became necessary to modify the expression of

that anciently received, by inserting in it a salvo for the

effect of refraction, or by making a distinction between the

apparent diurnal orbits, as affected by refraction, and the true

ones cleared of that effect. This distinction between the ap-

parent and the true—between the uncorrected and corrected—
between the rough and obvious, and the refined and ultimate—
is of perpetual occurrence in every part of astronomy.

(143.) Again. The first impression produced by a view
of the diurnal movement of the heavens is that all the

heavenly bodies perform this revolution in one common
period, viz. a day, or 24 hours. But no sooner do we come
to examine the matter instrumentally, i. e. by noting, by time-
keepers, their successive arrivals on the meridian, than we find

differences which cannot be accounted for by any error of ob-
servation. All the stars, it is true, occupy the same interval

of time between their successive appulses to the meridian, or

to any vertical circle ; but this is a very different one from
that occupied by the sun. It is palpably shorter

; being, in

fact, only 23'^ 56' 4-09", instead of 24 hours, such hours as

our common clocks mark. Here, then, we have already tioo

different days, a sidereal and a solar; and if, instead of the
sun, we observe the moon, we find a third, much longer than

< either, — a lunar day, whose average duration is 24^ 54'° of
I our ordinary time, which last is solar time, being of necessity
: conformable to the sun's, successive re-appearances, on which
all the business of life depends.

^
(144.) Now, all the stars are found to be unanimous in

- giving the same exact duration of 56' 4-09", for the
sidereal day; which, therefore, we cannot hesitate to receive

'
as the period in which the earth makes one revolution on its

We are, therefore, compelled to look on the sun and
" moon as exceptions to the general law; as having a different
I nature, or at least a different relation to us, from the stars

;

• ^a-^'mg motions, real or apparent, of their own, inde-
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pendent of the rotation of the earth on its axis. Thus a

great and most important distinction is

^^^f'^'^l'J^.
(145.) To establish these facts, almost no apparatus is

reauired An observer need only station himself to the

noTof some well-defined vertical object, as the angle of a

building, and, placing his eye exactly at a -t.n
f

ed pom

(such as a small hole in a plate of metal nailed to some

Moveable support), notice the successive -
^

any star behind the building, by a watch TOen he otH

Serves the sun, he must shade his eye with a dark-coloured

Tsmoled glak and notice the— when«
and eastern edges successively come up to the waU trom

"h ch by taking half the interval, he will aseertam (what he

lantt directly :^.....) the moment of disappearance of its

'Tl46 ) When, in pursuing and establishing this general

f M we are led to attend more nicely to the times of the

ftan it.

tetwt tl e actual solar day,*h is

pvesseduponou noU be
^^^^ ^^^^^

never two days
'^.^^^l^ ,^erage of all the solar days

of 24 hours wtaeh is an aver

throughout the year. Here, then,

opens to us. The sun's apparent motion no ,

. 1 *i „,i nsoertaininff the rate of a clock or

* Tliis is an excellent pract>cal me noa u.
are attended to; the

..atcb, being exceedingly oMhe edge beh^ the star

chief of which is, to ake care
^'^^^^^^^^^^ smooth ; as otherwise van-

a bright one, not a )
d;-/^:

llajpcarance from a protuberance to a

able refraction may transfer the l^O'"^
„nd„iy. This is easily secured,

uothTand t^n--^:l-,;-aTed\l^ -JSe^
^'^'^
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same with that of the stars, but it is not (as the latter is)

uniform. It is subject to fluctuations, whose laws become

matter of investigation. But to pursue these laws, we re-

quire nicer means of observation than what we have de-

scribed, and are obliged to call in to our aid an instrument

called the transit instrument, especially destined for such

observations, and to attend minutely to all the causes of

irregularity in the going of clocks and watches which may
affect our reckoning of time. Thus we become involved by
degrees in more and more delicate instrumental inquiries;

and we speedily find that, in proportion as we ascertain the

amount and law of one great or leading fluctuation, or in-

equality, as it is called, of the sun's diurnal motion, we bring

into view others continually smaller and smaller, which were

before obscured, or mixed up with errors of observation and

instrumental imperfections. In short, we may not inaptly

compare the mean length of the solar day to the mean or

average height of water in a harbour, or the general level

of the sea unagitated by tide or waves. The great annual

fluctuation above noticed may be compared to the daily vari-

ations of level produced by the tides, which are nothing but
enormous waves extending over the whole ocean, while the

smaller subordinate inequalities may be assimilated to waves
ordinarily so called, on which, when large, we perceive lesser

undulations to ride, and on these, again, minuter ripplings,

to the series of whose subordination we can perceive no end.

(147.) With the causes of these irregularities In the solar

motion we have no concern at present ; their explanation be-
longs to a more advanced part of our subject : but the dis-

tinction between the solar and sidereal days, as it pervades
every part of astronomy, requires to be early introduced, and
never lost sight of. It is, as already observed, the mean or
average length of the solar day, which is used in the civil

reckoning of time. It commences at midnight, but astro-

nomers, even when they use mean solar time, depart from
the civil reckoning, commencing their day at noon, and
reckoning the hours from 0 round to 24. Thus, 1 1 o'clock
in the forenoon of the second of January, in the civil reckon-
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ing of time, corresponds to January 1 day 23 hours in the

astronomical reckoning; and 1 o'cloclc in the afternoon of

the former, to January 2 days 1 hour of the latter reckoning.

This usage has its advantages and disadvantages, but the

latter seem to preponderate ; and it would be well if, in con-

sequence, it could be broken through, and the civil reckoning

substituted. Uniformity in nomenclature and modes of

reckoning in all matters relating to time, space, weight, mea-

sure, §-c., is of such vast and paramount importance in every

relation of life as to outweigh every consideration of technical

convenience or custom. *

(148.) Both astronomers and civilians, however, who in-

habit different points of the earth's surface, differ from each

other in their reckoning of time ; as it is obvious they must,

if we consider that, when it is noon at one place, it is mid-

night at a place diametrically opposite ; sunrise at another

;

and sunset, again, at a fourth. Hence arises considerable in-

convenience, especially as respects places differing very widely

in situation, and which may even in some critical cases in-

volve the mistake of a whole day. To obviate this incon-

venience, there has lately been introduced a system of

reckoning time by mean solar days and parts of a day counted

from a fixed instant, common to all the world, and determined

by no local circumstance, such as noon or midnight, but by

the motion of the sun among the stars. Time, so reckoned,

is called equinoctial time ; and is numerically the same, at

the same instant, in every part of the globe. Its origin wiU

be explained more fully at a more advanced stage of our

work.

(149.) Time is an essential element in astronomical obser-

vation, in a twofold point of view : — 1st, As the represen-

* The only disadvantage to astronomers of using the civil reckoning is this--

that ieir obseryations b^g chiefly carried on dunng the night, the day of their

late will, in this reckoning, ahvays have to be changed at midnight, and the

o Lr ^^d latter portion of every night's observations will belong o two differ-

enthr numbered civil days of the month. There is no denying this to be an
ently numotii.

however, would alleviate it; and some inconveniences

rusrbTleerfully submitted to by all who resolve to act on general principles.

AU other classes of men, whose occupation extends to the night as well as day.

submit to it, and find their advantage in doing so.
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tative of angular motion. The earth's diurnal motion being

uniform, every star describes its diurnal circle uniformly

;

and the time elapsing between the passage of the stars in

succession across the meridian of any observer becomes,

therefore, a direct measure of their differences of right as-

cension. 2dly, As the fundamental element (or natural in-

dependent variable, to use the language of geometers) in all

dynamical theories. The great object of astronomy is the

determination of the laws of the celestial motions, and their

reference to their proximate or remote causes. I^ow, the

statement of the law of any observed motion in a celestial

object can be no other than a proposition declaring what has

been, is, and will be, the real or apparent situation of that

object at any time, past, present, or future. To compare
such laws, therefore, with observation, we must possess a

register of the observed situations of the object in question,

and of the times lohen they were observed.

(150.) The measurement of time is performed by clocks,

chronometers, clepsydras, and hour-glasses. The two former
are alone used in modern astronomy. The hour-glass is a
coarse and rude contrivance for measuring, or rather counting
out, fixed portions of time, and is entirely disused. The
clepsydra, which measured time by the gradual emptying of
a large vessel of water through a determinate orifice, is sus-

ceptible of considerable exactness, and was the only depen-
dence of astronomers before the invention of clocks and
watches. At present it is abandoned, owing to the greater

convenience and exactness of the latter instruments. In one
case only has the revival of its use been proposed ; viz. for
the accurate measurement of very small portions of time, by
the flowing out of mercury from a small orifice in the bottom
of a vessel, kept constantly full to a fixed height. The stream
IS intercepted at the moment of noting any event, and
directed aside into a receiver, into which it continues to run,
till the moment of noting any other event, when the inter-

cepting cause is suddenly removed, the stream flows in its

original course, and ceases to run into the receiver. The
weight of mercury received, compared with the weight re-
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ceived in an interval of time observed by the clock, gives the

interval between the events observed. This ingenious and

simple method of resolving, with all possible precision, a pro-

blem of much importance in many physical inciuiries, is due

to the late Captain Kater.

(151.) The pendulum clock, however, and the balance

watch, with those improvements and refinements in its struc-

ture which constitute it emphatically a chronometer*, are the

instruments on which the astronomer depends for his know-

ledge of the lapse of time. These instruments are no^

brouo-ht to such perfection, that an habitual irregularity in

the rate of going, to the extent of a single second m twenty-

four hours in two consecutive days, is not tolerated m one oi

aood character ; so that any interval of time less than twenty-

four hours may be certainly ascertained withm a few tenths

of a second, by their use. In proportion as intervals are

lono-er, the risk of error, as well as the amount of error

risked, becomes greater, because the accidental errors of many

days may accumulate; and causes producing a slow progres-

sive change in the rate of going may subsist unperceived. It

is not safe, therefore, to trust the determination of time to

clocks, or watches, for many days in succession without

checking them, and ascertaining their errors by reference to

natural events which we know to happen, day after day, at

equal intervals. But if this be done, the longest intervals

may be fixed with the same precision as the shortest
;

since,

in fact, It is then only the times intervening between the first

and the last moments of such long intervals, and such of those

periodically recurring events adopted for our points of reckon-

in., as occur within twenty-four hours respective y of eithei

vSch we measure by artificial means. The whole days are

counted out for us by nature ; the fractional parts onlj^ at

ither end, are measured by our clocks. Tokeep hereckon-

in'of the integer days correct, so that none shall be lost or

oLtedWis thJ object of the calendar. Cln-onology

n'.rks out the order of succession of events, and refers them

• yipovos, time ;
t^irpnv, to measurs.
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to their proper years and days ; while chronometry, ground-

ing its determinations on the precise observation of such

regularly periodical events as can be conveniently and exactly

subdi'vaded, enables us to fix the moments in which phenomena
occur, with the last degree of precision.

(152.) In the culmination or transit (i. e. the passage across

the meridian of an observer,) of every star in the heavens, he

is furnished with such a regularly periodical natural event as

we allude to. Accordingly, it is to the transits of the

brightest and most conveniently situated fixed stars that

astronomers resort to ascertain their exact time, or, which
comes to the same thing, to determine the exact amount of

error of their clocks.

(153.) Before we describe the instrument destined for the

purpose of observing such culminations, however, or those in-

tended for the measurement of angular intervals in the sphere,

it is requisite to place clearly before the reader the principle

on which the telescope is applied in astronomy to the precise

determination of a direction in space,— that, namely of the

visual ray by which we see a star or any other distant object.

(154.) The telescope most commonly used in astronomy
for these purposes is the refracting telescope, which consists

of an object-glass (either single, or as is now ahnost universal,

double, forming what is called in optics, an achromatic com-
bination) A ; a tube A B, into which the brass cell of the

E n
]

u
^ P 1

K——
1 c;

— 0

object-glass is firmly screwed, and an eye-lens C, for which is

often substituted a combination of glasses designed to increase
the magnifying power of the telescope, or otherwise give
more distinctness of vision according to optical principles

which we have no occasion here to refer to. This also is

fitted into a cell, which is screwed firmly into the end B of
the tube, so that object-glass, tube, and eye-glass may be
considered as forming one piece, invariable in the relative
position of its parts.
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(155.) The line P Q joining the centres of the object and

eye-glasses and produced, is called the axis or line of collima-

tion of the telescope. And it is evident, that the situation of

this line holds a fixed relation to the tube and its appendages,

so long as the object and eye-glasses maintain their fixity in

this respect.

(156.) Whatever distant object E, this line is directed to,

an inverted picture or image of that object F is formed (ac-

cording to the principles of optics), in the focus of the object-

glass, and may there be viewed as if it were a real object,

through the eye-lens C, which (if of short focus) enables us

to magnify it just as such a lens would magnify a material

object in the same place.

(157.) Now as this image is formed and viewed in the

air, being itself immaterial and impalpable— nothing prevents

our placing in that very place F in the axis of the telescope, a

real, substantial object of very definite form and delicate

make, such as a fine metallic point, as of a needle— or bet-

ter still, a cross formed by two very fine threads (spider-lines),

thin metallic wires, or lines drawn on glass intersecting each

other at right angles — and whose intersection is all but a

mathematical point. If such a point, wire, or cross be care-

fully placed and firmly fixed in the exact focus F, both of the

object and eye-glass, it wUl be seen through the latter at the

same time, and occupying the same precise place as the image

of the distant star E. The magnifying power of the lens

renders perceptible the smallest deviation from perfect coinci-

dence, which, should it exist, is a proof, that the axis QP is

not directed rigorously towards E. In that case, a fine mo-

tion (by means of a screw duly applied), communicated to

the telescope, will be necessary to vary the direction of the

axis till the coincidence is rendered perfect. So precise is

this mode of pointing found in practice, that the axis of a

telescope may be directed towards a star or other definite ce-

lestial object without an error of more than a few tenths of a

second of angular measure.

(158 ) This application of the telescope may be considered

as completely annihilating that part of the error of obsevva-
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tiou which might otiierwise arise from an erroneous estimation

of the direction in which an object lies from the observer's

eye, or from the centre of the instrument. It is, in fact, the

grand source of all the precision of modern astronomy, with-

out which all other refinements in instrumental workmanship

would be thrown away; the errors capable of being com-

mitted in pointing to an object, without such assistance, being

far greater than what could arise from any but the very

coarsest graduation. * In fact, the telescope thus applied

becomes, with respect to angular, what the microscope is with

respect to linear dimension. By concentrating attention on

its smallest parts, and magnifying into palpable intervals the

minutest differences, it enables us not only to scrutinize the

form and structure of the objects to which it is pointed, but

to refer their apparent places, with all but geometrical pre-

cision, to the parts of any scale with which we propose to

compare them.

(159.) We now return to our subject, the determination of

time by the transits or culminations of celestial objects. The

instrument with Avhich such culminations are observed is

called a transit instrument. It consists of a telescope firmly

fastened on a horizontal axis directed to the east and west

points of the horizon, or at right angles to the plane of the

• The honour of this capital improvement has been successfully vindicated

by Deiham (Phil. Trans, xxx. 603.) to our young, talented, and unfortunate
countryman Gascoigne, from his correspondence with Crabtree and Horrockes,
in his (Derham's) possession. The passages cited by Derham fi-om these letters

leave no doubt that, so early as 1640, Gascoigne had applied telescopes to his

quadrants and sextants, with threads in the common focus of the glasses ; and had
even carried the invention so far as to illuminate the field of view by artificial

light, which he found " very helpful when the moon appeareth not, or it is not other-

wise light enough." These inventions were freely communicated by him t«

Crabtree, and through him to his friend Horrockes, the pride and boast of
British astronomy ; both of whom expressed their unbounded admiration of this

and many other of his delicate and admirable improvements in the art of obser-

vation. Gascoigne, however, perished, at the age of twenty-three, at the battle

of Marston Moor ; and the premature and sudden death of Horrockes, at a yet

earlier age, will account for the temporary oblivion of the invention. It was
revived, or re-invented, in 1667, by Picard and Auzout (Lalande, Astron.

2310.), after which its use became universal. Morin, even earlier than Gas-
coigne (in 1635), had proposed to substitute the telescope for plain sights ; but
It is the thread or wire stretched in the focus with which the image of a star
can be brought to exact coincidence, which gives the telescope its advantage in
practice

; and the idea of this docs not seem to have occurred to Morin. See
Lalande, uhi auprd.)
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meridian of the place of observation. The extremities of the

axis are formed into cylindrical pivots of exactly equal di-

ameters, which rest in notches formed ia metallic supports,

bedded (in the case of large instruments) on strong pieces of

stone, and susceptible of nice adjustment by screws, both in

a vertical and horizontal direction. By the former adjust-

ment, the axis can be rendered precisely horizontal, by level-

ling it with a level made to rest on the

pivots. By the latter adjustment the

axis is brought precisely into the €ast

and west direction, the criterion of

which is furnished by the observations

themselves made with the instrument,

. ill a manner presently to be explained,

or by a well-defined object, called a meridian mark, originally

determined by such observations, and then, for convenience

of ready reference, permanently established, at a great dis-

tance, exactly in a meridian line passing through the central

point of the whole instrument. It is evident, from this de-

scription, that, if the axis, or line of collimation of the

telescope be once well adjusted at right angles to the axis of

the transit, it will never quit the plane of the meridian, when

the instrument is turned round on its axis of rotation.

(160.) In the focus of the eye-piece, and at right angles to

the length of the telescope, is placed, not a single cross, as m

our general explanation in art. 157., but a system of one

horizontal and several eqmdistant vertical

threads or wires, (five or seven are more

usually employed,) as represented m the an-

/
nex§d figure, which always appear m the

field of vieio, when properly illuminated, by

_ day by the light of the sky, by night by that

, Li it is by this means brought to suoh a position,

Tat tbi nild e one'of the vertieal wires shall intersect

J.natio. of the telescope, where it is arrested and
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permanently fastened.* In this situation it is evident that

the middle thread will be a visible representation of that

portion of the celestial meridian to which the telescoue

is pointed ; and when a star is seen to cross this wire in the

telescope, it is in the act of culminating, or passing the

celestial meridian. The instant of this event is noted by the

clock or chronometer, which forms an indispensable accom-
paniment of the transit instrument. For greater precision,

the moments of its crossing all the vertical threads is noted,

and a mean taken, which (since the threads are equidistant)

would give exactly the same result, were all the observations

perfect, and will, of course, tend to subdivide and destroy their

errors in an average of the whale in the contrary case.

(161.) For the mode of executing the adjustments, and
allowing for the errors unavoidable in the use of this simple
and elegant instrument, the reader must consult works
especially devoted to this department of practical astronomy, f
We shall here only mention one important verification of its

correctness, which consists in reversing the ends of the axis,

or turning it east for west. If this be done, and it continue
to give the same results, and intersect the same point on the
meridian mark, we may be sure that the line of collimation of
the telescope is truly at right angles to the axis, and describes
strictly a plane, i. e. marks out in the heavens a great circle.

In good transit observations, an error of one or two tenths
of a second of time in the moment of a star's culmination is

the utmost which need be apprehended, exclusive of the error
of the clock

:
in other words, a clock may be compared' with

the earth's diurnal motion by a single observation, without
risk of greater error. By multiplying observations, of course,
a yet greater degree of precision may be obtained.

(162.) The plane described by the line of collimation of

* There is no way of bringing the true optic axis of the object slass to co-
ncide e.rac</y with the line of collimation, but, so long as the object glass does
not sum or shake in its cell, any line holding an invariahh position yfhh respect to

e^ct""^"'
conventional or astronomical axis with equal

t See Dr. Pearson's Treatise on Practical Astronomy. Also Bianchi Sopra
lo Stromento de' Passagi. Epheai. di Miiano, 1824.
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a transit ought to be that of the meridian of the place of ob-

servation. To ascertain whether it is so or not, celestial

observation must be resorted to. Now, as the mendxan is a

great circle passing through the pole, it necessarily bisects

the diurnal circles described by all the stars, al which describe

the two semicircles so arising in equal intervals of 12 siderea

hours each. Hence, if we choose a star whose whole diurnal

circle is above the horizon, or which never sets, and observe

the moments of its upper and lower transits across the

middle wire of the telescope, if we find the two semidiurnal

portions east and west of the plane described by the telescope

to be described in precisely equal times, we may be sure that

plane is the meridian.

(163 ) The angular intervals measured by means ot the

transit instrument and clock are arcs of the equinoctial, mter-

cepted between circles of declination passmg through the

objects observed; and their measurement f; ^^^^/J P^[-

formed by no artificial graduation of circles, but by the help

of the earth's diurnal motion, which carries equal arcs oi the

equinoctial across the meridian, in equal times, at the rate o

ll° per sidereal hour. In all other cases, when we would

• measure angular intervals, it is necessary to
^^^^^^

circles, or portions of circles, constructed of

firm a;d durable material, and mechanicalb;^subdivided mto

:;al parts, such as degrees, minutes, &c.

^^l^^f^^^^
most obvious mode in which the measurement of the angular

Tn rval between two directions in space -n be performed

is as follows. Let A B C D be a circle, ^-^^^ ^^^^^^^^

degrees, (numbered in order from any point 0 m t^e -cum

ference round to the same point agam,) and connected with

t centr^^^^^^ spokes or rays, y, z, firmly united to its circum-

fere'c or At the'centre let a circular hole be pierced

n which shall move a pivot exactly fitting it, carrying a ube

, •= nh is exactly parallel to the plane of the circle,

whoseaxis, aMB exac^^^^^^^^
arms,m,n, at

right angles
J^^^ .j,, on the centre shall

ry^::; irintarrsm^^^^^^^ the circle, to be
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arrested and fixed at any point we please, by a contrivance
called a clamp. Suppose, now, we would measure the anau
lar interval between two fixed objects, S, T. The plane°of

""^^"^^
the circle must first be ad-
justed so as to pass through

s them both, and immoveably
fixed and maintained in that
position. This done, let the
axis a b o£ the tube be

T directed to one of them, S,
and clamped. Then will a

•xi- ,
mark on the arm m nnint

e.tler exactly to some one of the dmsions on th" uZor bet™ two of them adjacent. In the former c^ethe d,vs>on must be noted as the reading of the armt In'he latter, the fr^tional part of one whole int rvTbLe nthe consecutive divisions by which tliP r....l

"erween

the last inferior division mLrbe es^Lr. " '"'^""^
riojuii mubi oe estmaated or mpa^nrprl Kt^

some mechandcal or optical means. (See art.Ts" Thedms.on and fractional part thus noted, and reduced into

my of the hmb correspondmg to that position of the tute atwhere .t pomts to the object S. The same must Then be

unalterf f'^ f -maining meanwhUeunaltered It ,s manifest, then, that, if the lesser of theseeadmgs be subtracted from the greater, M«> differenc „mbe the angular mterval between S and T, as sefn from ^ecentre of the circle, at whatever point of the limb he commencement of the graduations or th"; point 0" be situated

of „ ,

•^
l" "T^ "btained, if, instead

nvrriar^r; ''^ -le, we' c^nn"

on antt rnl^:^;!' thfe"^e\^d'V^wifV. u 1 • .
i^ircie, ana lormine' one mecp

some irir: 'Tr '°

section in ITT™ r ,

"r""""on - -P««»'ed i,t

fastened J f"" ^ is the tube or sio-ht,hstened, at on the circle A B, whose axis. D, works in
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the solid metallic centring E, from which originates an arm,

F, carrying at its extremity an index, or other proper mark.

to point out and read o& the exact division of the circle at B

he% close to it. It is evident that, a. the te -cope an^^

circle revolve through any angle, the part of"
f^^^^

latter which by such revolution is carried past the index J^,

tuT— tL angle described. This is the most usual

mofle of aiDDlvlno- divided circles in astronomy.

(16 ) The into F may either be a rimple pomter, lie a

oloikhid a); or a vernier l); or. lastly, a eom-

-, • f -fin A represented in section In fig. d,

Dound microscope {Jig. c), repiesci

"1 t':e:r;;:te=^:^ ^
and eye-glass, moveable By

^^^^

'r ilt oTSe Saxtt" of the divisions of the

! fo led inThe" foeus of the objeet lens upon the ve^T

crole iormea m
^ i^„ed, art. 157. for the pomt-

""%rtsrot oX ^i here the fiducial eross is made
cr of the telescope, on y ^^^^^m

m
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required for this purpose the distance of that division from
the original or zero point of the microscope may be estimated.
Ihis sunple but dehcate contrivance gives to the readino- off
of a circle a degree of accuracy only limited by the power of
the- microscope, and the perfection with which a screw can
be executed, and places the subdivision of angles on the same
footing of optical certainty which is introduced into their
measurement by the use of the telescope.

(166.) The exactness of the result thua obtained mustdepend 1st on the precision with which the tube a b can be

vi.ion of the intervals between any two consecutive gradua-
tions can be performed. The mode of accomplishing the

rthetr T 1
exactness has been expfainedm the last article. With regard to the graduation of thehmb, being merely of a mechanical nature^ we shall r^JXwithout remark, further than tbi, fl, f • lu

^

With regard to the first, ,t must be obvious that, if the sights

ends ofa hollow tube, or an eye-hole at one end, and a oross at

What s mple VI ,on with the naked eye can command Butf,.u place of these simple but coarse contrivancerthe tubeItself be converted into a telescope, havbg an objectXs att. an eye-piece at and a fiducial croS in thei commonfocus, as exp amed in art. 157.; and if the motion ofX
"rolTt tsttV'

^'^^
th« els t "T"""™"" i->"»-^<«='ional point of

may be a«aId ' t"' ^ °f --'-ss
assisted

'° P™'"^ °' ^7 the „n-

error of dwfsTon ifSteTbv M ^^5'!'''°''''' P>^obable amount of the acciden/al
ccntrale de Pulkova, p. 1 47^

^""''^ exceed 0"-264. Desc. do I'Obs.

H 2
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(167.^ The simplest mode in which the measurement of

an angular interval ean be executed, is what we have just

described; but, in strictness, this mode xs applicable only to

terrestrial angles, such as those occupied on the sens^b e

horizon by the objects which surround
"^f^^^f^

the.e only remain stationary durn.g the interval while the

telescope is shifted on the limb from one object to the othe.

But the diurnal motion of the heavens, by destroymg this

essential condition, renders the direct measurement ot an-

gular distance from object to ohject by this means impossible

The same objection, however, does not apply if we seek only

to determine the interval between the diurnal czrc?.. d -

scribed by any two celestial objects. Suppose every stai, m

dtnal revolution, were to leave behind it a vis.ble trace

1 th heavens,-a fine line of light, for instance,-then a

Teletope once 'pointed to a star, so as to have .s image

brought to coincidence with the intersection of
J''^''

would constantly remain pointed to some portion or other

Zline which would therefore continue to appear m its

tld as a luminous line, permanently intersecting the sam

.0 nt tiU the star came round again. From one such Ime

Tano her the telescope might be shifted, at leisure, withou

: and then the angular interval between the two diurn

cLcles, in tl,e plane of tke telescope^s rotaUon

^^f^ ^^^^
-a. Now, though w^ ca^^^^^^^^^^^^^^^

heavens, we can wait till the stai

™w, and sei.e the ™»ent of^ P-a P-^ce *e .

^

section of its wires so tliat »™J n ,,^11

which, when tlie telescope .s

"f
.'='^'"P;^' "

to

seen, the position of its n™ c^^ ^
see it ever so long, ihe reamn„

performed at leisnre; and
.^e telescope,

\nto the flane of the
sign the place ot

a t ri'^l at^ * letwations may he

:;e!r:—"^^^^^
satisfied with their result.
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(168.) This is the principle of the mural circle, which is

nothing more than such a circle as we have described in art.

] 63., firmly supported, in the plane of the meridian, on a
long and powerful horizontal axis. This axis is let into a
massive pier, or wall, of stone (whence the name of the in-

strument), and so secured by screws as to be capable of ad-
justment both in a vertical and horizontal direction ; so that,

like the axis of the transit, it can be maintained in the exact
direction of the east and west points of the horizon, the plane
of the circle being consequently truly meridional..

(169.) The meridian, being at right angles to all the di-
urnal circles described by the stars, its arc intercepted be-
tween any two of them will measure the least distance
between these circles, and will be equal to the difference of
the declinations, as also to the difference of the meridian alti-

tudes of the objects— at least when corrected for refraction.
These differences, then, are the angular intervals directly
measured by the mural circle.. But from these, supposing
the law and amount of refraction known, it is easy to con-
clude, not their differences only, but the quantities them-
selves, as we shall now explain.

(170.) The declination of a heavenly body is the comple-
ment of its distance from the pole. The pole, being a point
in the meridian, might be directly observed on the limb of the
circle, if any star stood exactly therein ; and thence the polar
distances, and, of course, the declinations of all tite rest,
might be at once determined. But this not being the case,'
a bright star as near the pole as can be found is selected, and
observed in its upper and lower culminations-; that is, when
It passes the meridian above and below the pole. Now, as its
distance from the pole remains the same, the difference of
readmg off the circle in the two cases is, of course (when
corrected for refraction), equal to twice the polar distance of
the star

;
the arc intercepted on the limb of the circle being,

in this case, equal to the angular diameter of the star's diurnal
circle. In the annexed diagram, H P 0 represents the celestial
merirJian, V the pole, B R, A Q, C D the diurnal circles of
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Stars which arrive on the meridian at B, A, and C in_ their

upper and at R,Q,Dln their lower- culminations, of which D

and Q happen above the horizon

HO. P is the pole; and if we

suppose h p 0 to be the mural

circle, having S for its centre, b a

cp d will be the points on its

circumference corresponding to B

A C P D in the heavens. Now

the arcs h a, b c, b d, and c d are

given immediately by observation;

and since C P= P D, we have also cp=p d, and each of them

'=i ci, consequently the place of the polar point, as it is

called, upon the limb of the circle becomes known, and the

arcs p h,pa,pc, which represent on the circle the polar

distances required, become also known.

(171.) The situation of the pole star, which is a very bril-

liant one, is eminently favourable for this purpose, being only

about a degree and half from the pole; it is, therefore, the

star usually and almost solely chosen for this important pur-

pose; the more especially because, both its culmmations

taking place at great and not very different altitudes, the re-

fractions by which they are affected are of smaU amount, and

differ but slio-htly from each other, so that their correction is

easily and safely applied. The brightness of tl^ pole star,

too, allows it to be easily observed in the daytime In con-

sequence of these peculiarities, this star is one of constant

resort with astronomers for the adjustment and verification ot

instruments of ahnost every description. In the case of the

transit, for instance, it furnishes an exceUent object for the

apphcation of the method of testing the meridional situation

of the instrument described in art. 162., in fact, the most

advantageous of any for that purpose, owing to its being

the most remote from the zenith, at its upper culmination,

of all bright stars obsei-vable both above and below the

^""o 72.) The place of the polar point on the limb of the mural
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circle once determined, becomes an origin, or zero point, from
which the polar distances of all objects, referred to other
points on the same limb, reckon. It matters not whether the
actual commencement 0° of the graduations stand there, or
not ; since it is only by the differences of the readings that
the arcs on the limb are determined ; and hence a great ad-
vantage is obtained in the power of commencing anew a fresh
series of observations, in which a different part of the cir-

cumference of the circle shall be employed, and different
graduations brought into use, by which inequalities of divi-
sion may be detected and neutralized. This is accomplished
practically by detaching the telescope fi'om its old bearings
on the circle, and fixing it afresh, by screws or clamps, on a
different part of the circumference.

(173.) A point on the limb of the mural circle, not less im-
portant than the polar point, is the horizontal point, which,
being once known, becomes in like manner an origin, or zero
point, from which altitudes are reckoned. The principle of
its determination is ultimately nearly the same with that of
the polar point. As no star exists in the celestial horizon,
the observer must seek to determine two points on the limlj,
the one of which shall be precisely as far helow the horizon-
tal point as the other is above it. For this purpose, a star
IS observed at its culmination on one night, by pointing the
telescope directly to it, and the next, by pointing to the image
of the same star reflected in the still, unruffled surface of a
fluid at perfect rest. Mercury, as the most reflective fluid
known, is generally chosen for that use. As the surface of a
fluid at rest is necessarily horizontal, and as the angle of
reflection, by the laws of optics, is equal to that of incidence,
this image will be just as much depressed below the horizon
as the^ star itself is above it (allowing for the difference of
refraction at the moments of observation). The arc inter-
cepted on the limb of the circle between the star and its re-
flected image thus consecutively observed, when corrected for
refraction, is the double altitude of the star, and its point of
bisection the horizontal point. The reflecting surface of a
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fluid SO used for tne determination of the altitudes of objects

is called an artificial horizon*

(174.) The mural circle is, in fact, at the same time, a

transit instrument; and, if furnished with a proper system

of vertical wires in the focus of its telescope, may be used as

such. As the axis, however, is only supported at one end,

it has not the strength and permanence necessary for the

more delicate purposes of a transit; nor can it be verified, as

a transit may, by the reversal of the two ends of its axis,

east for west. Nothing, however, prevents a divided cu-cle

beino- permanently fastened on the axis of a transit mstru-

ment, either near to one of its extremities, or close to the

telescope, so as to revolve with it, the reading off being per-

formed by one or more microscopes fixed on one of its piers.

Such an instrument is called a transit circle, or a meri-

dian CIRCLE, and serves for the simultaneous determmation

of the ricrht ascensions and polar distances of objects observed

Avith it;°the time of transit being noted by the clock, and

the circle being read off by the lateral microscopes. There is

much advantage, when extensive catalogues of small stars

have to be formed, in this simultaneous determination o both

their celestial co-ordinates: to which maybe added the fa-

cility of applying to the meridian cii'cle a telescope of any

lencrth and optical power. The construction of the mural

circle renders this highly inconvenient, and indeed impracti-

cable beyond very moderate limits,
_

(175 ) The determination of the horizontal point on the

limb of an instrument is of such essential importance in

astronomy, that the student should be made acquainted with

every means employed for this purpose. These are, t^e arti-

ficial horizon, the plumb-line, the level, and the colhmator.

The artificial horizon has been already explained. The plumb-

i;o.. aelicate manipulation and management of the setting.

» By a Pe«"l'«^.'*f„°''ft 'eTircle, aided by the use of a moveable horizon-

bisection, ''"d ':eadmg off of ^he circle a
.

^^^^^ practicable to

tal micrometic wire J^e
focu ot t^^^^^^^

^^^^ by

observe a slow movmg star (as die^^^^^^^^^

^.^^^^^ culmination to give the

reflection and d'^ect ^' o";^"*^^^^^^^
„f ^^.f^^.tion in twenty-four hours;

'-rtKrs::;^^—

^

so
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line is a fine tnvead or wire, to which is suspended a weight,

whose oscillations are impeded and quickly reduced to rest by
plunging it in water. The direction ultimately assumed by
such a line, admitting its perfectflexibility, is that of gravity,

or perpendicular to the surface of still water. Its application

to the purposes of astronomy is, however, so delicate, and
difficult, and liable to error, unless extraordinary precautions

are taken in its use, that it is at present almost universally

abandoned, for the more convenient, and equally exact in-

strument the level.

(176.) The level is a glass tube nearly filled with a liquid,

^sulphuric ether, or chloroform, being those now generally

A

c

used, on account of their extreme mobility, and not bein-
hable to freeze,) the bubble in which, when the tube is placed
horizontally, would rest indifiPerently in any part if the tube
could be mathematically straight. But that being impossible
to execute, and every tube having some slight curvature; if
the convex side be placed upwards the bubble will occupy
the higher part, as in the figure (where the curvature is pur-
posely exaggerated). Suppose such a tube, as A B, firmly
fastened on a straight bar, C D, and marked at a b, two
points distant by the length of the bubble

; then^ if the in-
strument be so placed that the bubble shall occupy this inter-
val It is clear that C D can have no other than one definite
inclination to the horizon

; because, were it ever so little
moved one way or other, the bubble would shift its place,
and rt,n towards the elevated side. Suppose, now, that wewou d ascertain whether any given line P Q be horizontal;

ioint^' ri ^'^'^ "P°" -"^^ -ote the
points a b, between which the bubble is exactly contained

;

then turn the level end for end, so that C shall rest on
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and D on P. If then the bubble continue to occupy the

same place between a and b, it is evident that P Q can be

no otherwise than horizontal. If not, the side towards which

the bubble runs is highest, and must be lowered, ^^trono-

mical levels are furnished with a divided scale, by which the

T)laces of the ends of the bubble can be nicely marked
;
and

it is said that they can be executed with such delicacy, as to

indicate a single second of angular deviation from exact hon-

zontality. In such levels accident is not trusted to to give

the requisite curvature. They are ground and polisbed m-

ternally by peculiar mechanical processes of great delicacy

(177) The mode in which a level may be applied to fand

the horizontal point on the limb of a vertical divided circle

may be thus explained : Let A B be a telescope firmly fixed

to such a circle, D E F, and moveable in one with it on a

horizontal axis C, which must

be like that of a transit, sus-

ceptible of reversal (see art.

161.), and with which the

circle is inseparably connected.

Direct the telescope on some

distant well-defined object S,

and bisect it by its horizontal

wire, and in this position clamp

it fast. Let L be a level fas-

tened at right angles to an arm,

L E F, furnished with a micro-

scope, or vernier at F, and, if we please, another at E. l.et

this arm be fitted by grinding on the axis C, but capable of

movin- smoothly on it without carrying it round and also ot

being clamped fast on it, so as to prevent it from moving

until required. While the telescope is kept fixed on the ob-

iect S, let the level be set so as to bring its bubble to the

marks a h, and clamp it there. Then wil the arm L C F

have some certain determinate inclination (no matter wha

to the horizon. In this position let the circle be read^ff at

F and then let the whole apparatus be reversed by turning

orizontal axis end for Mont ur^cla^nprng tke level
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arm from the axis. This done, by the motion of the whole
instrument (level and all) on its axis, restore the level to its

horizontal position with the bubble at a b. Then we are sure

that the telescope has now the same inclination to the horizon

the other way, that it had when pointed to S, and the reading

offat E will not have been changed. Now unclamp the level,

and, keeping it nearly horizontal, turn round the circle on
the axis, so as to carry back the telescope through the zenith

to S, and in that position clamp the circle and telescope fast.

Then it is evident that an angle equal to twice the zenith
distance of S has been moved over by the axis of the tele-

scope from its last position. Lastly, without unclamping the
telescope and circle, let the level be once more rectified. Then
will the arm L E F once more assume the same definite po-
sition with respect to the horizon

; and, consequently, if the
circle be again read off, the difference between this and the
previous reading must measure the arc of its circumference
which has passed under the point F, which may be considered
as having all the while retained an invariable position. This
difference, then, will be the double zenith distance of S, and
its half will be the zenith distance simply, the complement of
which is its altitude. Thus the altitude corresponding to a
given reading of the limb becomes known, or, in other words,
the horizontal point on the limb is ascertained. Circuitous
as this process may appear, there is no other mode of em-
ploying the level for this purpose which does not in the end
come to the same thing. Most commonly, however, the level
IS used as a mere fiducial reference, to preserve a horizontal
point once well determined by other means, which is done by
adjusting it so as to stand level when the telescope is truly
horizontal, and thus leaving it, depending on the permanence
of its adjustment.

(178.) The last, but probably not the least exact, as it

certainly is, in innumerable cases, the most convenient means
of ascertaining the horizontal point, is that afforded by the
floating collimator, an invention of Captain Kater, but of
which the optical principle was first employed by Ritten-
house, m 1785, for the purpose of fixing a definite directionm space by the emergence of parallel rays from a material
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object placed in the focus of a fixed lens. This elegant in-

strument is nothing more than a small telescope furnished

with a cross-wire in its focus, and fastened horizontally, or

as nearly so as may be, on a flat iron float, which is made to

swim oil mercury, and which, of course, will, when left to

itself, assume always one and the same invariable inclmation

to the horizon. If the cross-wires of the collimator be illu-

minated by a lamp, being in the focus of its object-glass, the

rays from them will issue parallel, and will therefore be m a

fit state to be brought to a focus by the object-glass of any

other telescope, in which they will form an image as if they

came from a celestial object in their direction, i. e. at an alti-

tude equal to their inclination. Thus the intersection of the

cross of the collimator may be observed as if it were a star,

and that, however near the two telescopes are to each other

By transferring then, the collimator still floating on a vessel

of mercury from the one side to the other of a circle, we are

furnished with two quasi-celestial objects, at precisely equal

altitudes, on opposite sides of the centre; and if these be

observed in succession with the telescope of the circle bring-

ino its cross to bisect the image of the cross of the collimator

(for which end the wires of the latter cross are purposely set

45° inclined to the horizon), the difference of the readings on

its limb will be twice the zenith distance of either
;
whence,

as in the last article, the horizontal or zenith point is imme-

diately determined. Another, and, in many respects, prefer-

able form of the floating colUmator, in which the telescope is

Vertical, and whereby the zenitli point is directly ascertained,

rdcTcribed in the Phil Trans. 1828, p. 257., by the same

^""(179.) By far the neatest and most delicate application of
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the principle of collimation of Rittenhouse, however, is sug-

gested by Bohnenberger, which afFords at once, and by a single

observation, an exact knowledge of the nadir point of an

astronomical circle. In this combination,.the telescope of the

circle is its own collimator. The
object observed is the central inter-

sectional cross of the wires in its

own focus reflected in mercury.

A strong illumination being thrown

upon the system of wires (art. 160.)

by a lateral lamp, the telescope of

the instrument is directed vertically

downwards towards the surface of

the mercury, as in the figure an-

nexed. The rays diverging from
the wires issue in parallel pencils

from the object-glass, are incident

on the mercury, and are thence re-

flected back (without losing their

parallel character) to the object- \^-^l^^lJ
glass, which is therefore enabled to collect them again in its

focus. Thus is formed a reflected image of the system of
cross-wires, which, when brought by the slow motion of
the telescope to exact coincidence (intersection upon intersec-
tion) with the real system as seen in the eye-piece of the
instrument, indicates the precise and rigorous verticality of
the optical axis of the telescope when directed to the nadii-
point.

(180.) The transit and mural circle are essentially meridian
instruments, being used only to observe the stars at the mo-
ment of their meridian passage. Independent of this being
the most favourable moment for seeing them, it is that in.

which their diurnal motion is parallel to the horizon. It is

therefore easier at this time than it could be at any other, to
place the telescope exactly in their true direction ; since their
apparent course in the field of view being paraUel to the
honzontal thread of the system of wires therein, they may,
by givmg a fine motion to the telescope, be brought to exact
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coincidence with it, and time may be allowed to examine and

correct this coincidence, if not at first accurately hit, which

is the case in no other situation. Generally speaking, all

angular magnitudes which it is of importance to ascertam

exactly, should, if possible, be observed at their maxima or

ralnima of increase or diminution ; because at these points

they remain not perceptibly changed during a time long

enouo-h to complete, and even, in many cases, to repeat and

verify our observations in a careful and leisurely manner.

The ancrle which, in the case before us, is in this predicament,

is the Stitude of the star, which attains its maximum or

minhnum on the meridian, and which is measured on the limb

of the mural circle. • xi, 4.

(181) The purposes of astronomy, however, require that

an observer should possess the means of observing any object

not directly on the meridian, but at any point of its diurnal

eourse, or wherever it may present itself m the heavens

Now, a point in the sphere is determined by reference to two

great circles at right angles to each other ;
or of two circ es,

one of which passes through the pole of the other. These

in the language of geometry, are co-ordinates by which its

situation is ascertained : for instance,- on the earth, a place

is known if we know its longitude and latitude
;
- in the

starry heavens, if we know its right ascension and declina-

tion f- in the visible hemisphere, if we know its azmiuth

and altitude, &c.
. p a-

aSi.) To observe an object at any point of its diuinal

couiBe, we must possess tbe means of directing a telescope to

U whicb, therefore, must be capable of motion m two planes

at'ribt aWles to eacb other; and the amount of rts angnlar

motfon in eaeh must be measured on two circles co-oM.nate

TeLk other, whose planes must be paraUel to *ose m wh.ch

the telescope moves. The practical accomplishment of this

fondition is effected by making the axis of one of the cycles

nene rate that of the other at right angles. The perced a^s

turn on Axed supports, while the other has no connect,on

wTany external support, but is sustaiu«l entnely by ha

rhichTpeuetrates, which is strengthened and enlarged at
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the point of penetration to receive it. The annexed figure

exhibits the simplest form of such a combination, thouo-h

very far indeed from the best in point of mechanism. The
two circles are read off by verniers, or microscopes ; the one
attached to the fixed support which cai-ries the principal axis,

the other to an arm projecting from that axis. Both circles

also are susceptible of being clamped, the clamps being at-

tached to the same ultimate bearing with which the apparatus
for reading off is connected.

(183.) It is manifest that such a combination, however its

principal axis be pointed (provided that its direction be inva-
• riable), will enable us to ascertain the situation of any object
with respect to the observer's

station, by angles reckoned upon
two great circles in the visible

hemisphere, one of which has for

its poles the prolongations of

the principal axis or the vanish-

ing points of a system of lines

parallel to it, and the other

passes always through these

poles : for the former great cu-
cle is the vanishing line of all

planes parallel to the circle

A B, while the latter, in any
position of the instrument, is

the vanishing line of all the
planes parallel to the circle G H ; and these two planes beino-,
by the construction of the instrument, at right angles, the
great circles, which are their vanishing lines, must be so too.
iNow, if two great circles of a sphere be at right angles to

''n c".

^^^^ through the other's poles.
(184.) There are, however, but two positions in which

such an apparatus can be mounted so as to be of any prac-
tical utdity in astronomy. The first is, when the principal
axis U 13 IS parallel to the earth's axis, and therefore points
TO tne poles of the heavens which are the vanishing points of

nUrrfTl. . T^"""^
parallels; and when, of course, theplane of the circle A B is parallel to the earth's equator, and
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therefore lias the equinoctial for its vanishing cii-cle, and

measures, by its arcs read off, hour angles, or differences of

right ascension. In this case, the great cycles in the heavens,

corresponding to the various positions, which the circle G H
can be made to assume, by the rotation of the mstrxmaent

round its axis C D, are all hour-circles ; and the arcs read ott

on this circle will be declinations, or polar distances, or then:

differences. „

(185 ) In this position the apparatus assumes the name ot

an equatorial, or, as it was formerly called, a parallactic^ in-

strument. It is a most convenient instrument for all such

observations as require an object to be kept long in view,

because, being once set upon the object, it can be followed as

long as we please by a single motion, i. e. by merely turning

the° whole apparatus round on its polar axis. For since,

when the telescope is set on a star, the angle between its

' direction and that of the polar axis is equal to the polar

distance of the star, it follows, that when turned about

its axis, without altering the position of the telescope on the

circle G H, the point to which it is directed will always lie

in the small circle of the heavens coincident with the star's

diurnal path. In many observations this is an inestnnable

advantage, and one which belongs to no other instrument.

The equatorial is also used for determining the place of an

unknown by comparison with that of a known object, m a

manner to be described in the fifth chapter. The adjust-

ments of the equatorial are somewhat complicated and dith-

cult. They are best performed in this manner :
— 1st, Follow

the pole star round its whole diurnal course, by which it wiU

become evident whether the polar axis is directed above or

below, to the right or to the left, of the true pole,- and correct

it accordingly (without any attempt, during this process to

correct the errors, if any, in the position of the declination

axis) 2dly, after the polar axis is thus brought into adjust-

ment place the plane of the declination circle in or near the

meridian ; and, having there secured it, observe the transits

of several known stars of widely different decimations. It

the intervals between these transits correspond to the known
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differences of right ascensions of the stars, we may be sure
that the telescope describes a true meridian, and that, there-

fore, the declination axis is truly perpendicular to the polar
one ;

— if not, the deviation of the intervals from this law
wiU indicate the direction and amount of the deviation of the
axis in question, and enable us to correct it.

*

(186.) A very great improvement has, within a few years
from the present time, been introduced into the construction
of the equatorial instrument. It consists in applying a clock-
work movement to turn the whole instrument round upon its

polar, axis, and so to follow the diurnal motion of any celestial

object, without the necessity of the observer's manual inter-
vention. The driving power is the descent of a weight which
communicates motion to a train of wheelwork, and thus,
ultimately, to the polar axis, while, at the same time, its too
sioift descent is controlled and regulated to the exact and
uniform rate required to give that axis one turn in 24 hours,
by connecting it with a regulating clock, or (which is found
preferable in practice) by exhausting all the superfluous
energy of the driving power, by causing it to overcome
a regulated friction. Artists have thus succeeded in obtain-
ing a perfectly smooth, uniform, and regulable motion, which,
when so applied, serves to retain any object on which the
telescope may be set, commodiously, in the centre of the field
of view for whole hours in succession, leaving the attention
of the observer undistracted by having a mechanical move-
ment to direct; and with both his hands at liberty.

(187.) The other position in which such a compound
apparatus as we have described in art. 182. may be ad-
vantageously mounted, is that in which the principal axis
occupies a vertical position, and the one circle, AB, con-
sequently corresponds to the celestial horizon, and the other,
G- H, to a vertical circle of the heavens. The angles mea-
sured on the former are therefore azirmiths, or differences

n \^T^^'^'°7
°"

f'^
Adjustment of the Equatorial (Mem. Ast. Soc. vol. ii

ail the J^.sadLS'™ .'^ • ^««'-''''i"i"g the amount and direction of

to avoid b^rrW h-
''"^ P^'"='''^^l '^^'"''''^'^ ^^l'" ^^'^''cs
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of azimuth, and those of the hitter zenith distances, or alti-

tudes, according as the graduation commences from the upper

point' of its limb, or from one 90° distant from it. It is

therefore known by the name of an azimuth and altitude in-

strument. The vertical position of its principal axis is se-

cured either by a plumb-line suspended from the upper end,

which, however it be turned round, should continue always

to intersect one and the same fiducial mark near its lower

extremity, or by a level fixed directly across it, whose bubble

ought not to shift its place, on moving the instrument m
azimuth. The north or south point on the horizontal circle

is ascertained by bringing the vertical circle to coincide with

the plane of the meridian, by the same criterion by which

the azimuthal adjustment of the transit is performed (art.

162.), and noting, in this position, the reading off of the

lower circle; or by the following process.

(188.) Let a bright star be observed at a considerable

distance to the east of the meridian, by bringing it on the

cross wires of the telescope. In this position let the horizon-

tal circle be read off, and the telescope securely clamped on

the vertical one. When the star has passed the meridian,

and is in the descending point of its daily course, let it be

followed by moving the whole instrument round to the west,

without, however, unclamping the telescope, untd it comes

into the field of view; and until, by continuing the horizon-

tal motion, the star and the cross of the wires come once

more to coincide. In this position it is evident the star must

have the same precise altitude above the western horizon, that

it had at the moment of the first observation above the

eastern. At tills point let the motion be ai-rested, and the

horizontal circle be again read off. The difference of the

readings will be the azimuthal arc described m the mterval.

Now it is evident that when the altitudes of any star are

equal on either side of the meridian, its azimuths, whether

reckoned both from the north or both from the south point ot

the horizon, must also be equal, - consequently the north or

south point of the horizon must bisect the azimuthal arc thub

determined, and wiU therefore become known.
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(189.) This method of determining the north and soutli

points of a horizontal circle is called the " method of equal

altitudes," and is of great and constant use in practical astro-

nomy. If we note, at the moments of the two observations, the

time, by a clock or chronometer, the instant halfway between
them will be the moment of the star's meridian passage, which
may thus be determined without a transit

;
and, vice versa,

the error of a clock or chronometer may by this process be
discovered. For this last purpose, it is not necessary that our
instrument should be provided with a horizontal circle at all.

Any means by which altitudes can be measured will enable
us to determine the moments vrhen the same star arrives at

equal altitudes in the eastern and western halves of its diurnal
course; and, these once known, the instant of meridian
passage and the error of the clock become also known.

(190.) Thus also a meridian line may be drawn and a meridian
mark erected. For the readings of the north and south points
on the limb of the horizontal circle being known, the vertical

circle may be brought exactly into the plane of the meridian,
by setting it to that precise reading. This done, let the
telescope be depressed to the north horizon, and let the point
intersected there by its cross-wires be noted, and a mark
erected there, and let the same be done for the south horizon.
The line joining these points is a meridian line, passing
through the centre of the horizontal circle. The marks may
be made secure and permanent if required.

(191.) One of the chief purposes to which the altitude and
azimuth circle is applicable is the investigation of the amount
and laws of refraction. For, by following with it a cii'cum-

polar star which passes the zenith, and another which grazes
the horizon, through their whole diurnal course, the exact
apparent form of their diurnal orbits, or the ovals into which
their circles are distorted by refraction, can be traced ; and
their deviation from circles, being at every moment given by
the nature of the observation in the direction in which the
refraction itself takes place (i. e. in altitude), is made a matter
of direct observation.

(192.) The zenith sector and the theodolite are peculiar
I 2
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modifications of the altitude and azimuth instrument. The

former is adapted for the very exact observation of stars m
or near the zenith, by giving a great length to the vertical

axis, and suppressing all the circumference of the vertical

circle, except a few degrees of its lower part, by which a

great length of radius, and a consequent proportional enlarge-

ment of °the divisions of its are, is obtained. The latter is

especially devoted to the measures of horizontal angles be-

tween terrestrial objects, in which the telescope never requires

to be elevated more than a few degrees, and in which, there-

fore the vertical circle is either dispensed with, or executed

on a smaller scale, and with less delicacy ; while, on the other

hand, great care is bestowed on securing the exact perpendi

cularlty of the plane of the telescope's motion, by resting its

horizontal axis on two supports like the piers of a transit-

instrument, which themselves are firmly bedded on the spokes

of the horizontal circle, and turn with it.

(193.) The next instrument we shall describe is one by

whose aid the angular distance of any two objects may be

measured, or the altitude of a single one detemmed, either

by measuring its distance from the visible horizon (such as

the sea-offing, allowing for its dip), or from its own reflection

on the surface of mercury. It is the sextant, or quadrant

commonly caUed Hadle,j% from its reputed inventor though

the priority of invention belongs undoubtedly to Newton,

whose claims to the gratitude of the navigator are thus

doubled, by his having furnished at once the only theoiy by

which his vessel can be securely guided, and the only instru-

ment which has ever been found to avaH, in applying that

theory to its nautical uses.*

(194.) The principle of this instrument is tlie optical pro-

perty of reflected rays, thus announced: —« The angle be-

* Newton co..n,unWd It to Dn HaUev,^.^^

tion of the instru..ent was found aft r t^^^^^

^^J^^^^^^

i„ Newton's own hand vnt.ng lnv l^^^

to the
. ;S which n,ight be. and probably was.

Sejetlent of a^f.y Sc^dge of Newton's, though Hutton .n.nnates the

contrary.
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tween the first and last directions of a ray which has suffered
two reflections in one plane is equal to twice the inclination
of the reflecting surfaces to each other." Let A B be the
limb, or graduated arc, of a por-

tion of a circle 60° in extent,

but divided into 120 equal parts.

On the radius C B let a sil-

vered plane glass D be fixed, at

right angles to the plane of the
circle, and on the moveable ra-

dius C E let another such sil-

vered glass, C, be fixed. The
glass D is permanently fixed

parallel to A C, and only one half of it is silvered, the other
half allowmg objects to be seen through it. The glass C is
wholly silvered, and its plane is parallel to the length of the
moveable radius C E, at the extremity E of which a vernier
18 placed to read off the divisions of the limb. On the radius
-a O IS set a telescope F, through which any object, Q, maybe seen by direct rays which pass through the unsilvered por-
tion of the glass D, while another object, P, is seen throu<.h
the sanae telescope by rays, which, after reflection at C, have
been thrown upon the silvered part of D, and are thence
directed by a second reflection into the telescope. The twoimages so formed will both be seen in the field of view at
once, and by moving the radius C E wiU (if the reflectors be
truly perpendicular to the plane of the circle) meet and pa.s
over, without obliterating each other. The motion, however
18 arrested when they meet, and at this point the an<.le in-
cluded between the direction C P of one object, and I Q ofthe other, is twice the angle EGA included between the

of tL T\T-"''^^"
'""'^^ graduations

correLn ? ^"'^^''^^
^^^^^'^^^ as wouldCO re d degrees, the arc A E, when read off, as if the

f^T^Zt"'""^ Tlf'^^^g--^
-ill^ - f-t, read double its

pie 8 not tl!
'

'^"f'''
"^^^^'^^^^ «° ''-^ ^viU ex.
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n 95 ^ To determine the exact distances between the stars

by duVct observation is comparatively of little service
;
but

\l nautical astronomy the measurement of ^^^^^
from the moon, and of their altitudes, is of essential impo t-

ance; and as the sextant requires no fixed -PPo;'^,^^

can be held in the hand, and used o-hip-board, tli^^^^^^^^^^^

of the instrument becomes at once obvious For altitudes

at e! as no level, plumb-line, or artificial horizon can be

f..r;he sea-offin^ affords the only resource; and the image

7tC::: oLr^^^^ seen by reflection is brought to coin-

eide with the boundary of the sea seen y^^^^^
the altitude above the sea-lme is found ;

and this co lectea

ttecUpofthe /.mo. (art. 23.) gives the true
;1
Mude of

the star On land, an artificial horizon may be used (art. 173.),

and the consideration of dip is rendered unnecessary

196 ) The adjustments of the sextant are simple. They

-

fixino- the two reflectors, the one on the revolving

T^s C E^'o^^er on the fixed one CB, so as to have their

; : pe^endicl^ to the plane of the circle and paraUeUo

, w^Pn the reading of the instrument is zero, ihis

each other 'hen the read
.^^

irrto P^^* CrJelr, whose amount is readily

irtle?b hringhrg the two i,nage,^f

,tar or other distant ^^'^^^ ^^^^^ZX^l'^ ^1"^-

„,ent o«,U to read zero, and "f'' ^""^ "btracted

it does read is the zero "^nr^^^ former ad-

nnbroken stra^ht
"J" ,7;',^^^^^^^^^ ^5,, of the teleseope.

whose axis IS carotul y^ ^^^^^ ^^^^

a'^hltflettor Dont; flJn>ai„s adjustahie. that on
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the moveable being set to great nicety by the maker. In
this case the best way of making the adjustment is to view
a pair of lines crossing each other at right angles (one
being horizontal the other vertical) through the telescope of
the instrument, holding the plane of its limb vertical,— then
having brought the horizontal line and its reflected image to
coincidence by the motion of the radius, the two images of
the vertical arm must be brought to coincidence by tilting
one way or other the fixed reflector D by means of an
adjusting screw, with which every sextant is provided for that
purpose. When both lines coincide in the centre of thefield
the adjustment is correct.

(197.) The reflecting circle is an instrument destined for
the same uses as the sextant, but more complete, the circle
being entire, and the divisions carried all round. It is usually
furnished with three verniers, so as to admit of three distinct
readings off, by the average of which the error of graduation
and of reading is reduced. This is altogether a very refined
and elegant instrument.

(198.) We must not conclude this part of our subject
without mention of the "principle
of repetition;" an invention of
Borda, by which the error of gra-

duation may be diminished to any
degree, and, practically speaking,

annihilated. Let P Q be two ob-
jects which we may suppose fixed,

for purposes of mere explanation,

and let K L be a telescope moveable
on O, the common axis of two
circles, AM L and a be, of which
the former, A ML, is absolutely fixed in the plane of the
objects, and carries the graduations, and the latter is freely
moveable on the axis. The telescope is attached pe;.
manently to the latter circle, and moves with it. An armU a A carnes the index, or vernier, which reads off the gra-
duated hmb of the fixed circle. This arm is provided with
two cUmps, by which it can be temporarily connected
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with either circle, and detached at pleasure. Suppose, now,

the telescope directed to P. Clamp the index arm O A to

the inner circle, and nnclamp it from the outer, and read ofl.

Then cany the telescope round to the other object Q. In so

doincr, the inner circle, and the index-arm which is clamped

to it^ will also be carried round, over an arc AB, on the

graduated limb of the outer, equal to the angle P 0 Q. ^^ow

clamp the index to the outer circle, and unclamp the mner,

and read off: the difference of readings will of course measure

'the angle P 0 Q; but the result will be liable to two sources

of error— that of graduation and that of obser^-ation, both

which it is our object to get rid of. To this end transfer the

telescope back to P, without unclamping the arm from the

outer circle ; then, having made the bisection of P, clamp the

arm to b, and unclamp it from B, and agam transfer the

telescope to Q, by which the arm will now be earned with

it to C, over a second arc, B C, equal to the angle P 0 Q.

Now again read off; then wHl the difference between tins

reading and the original one measure twice the angle P O C^,

affected with both errors of observation, but only with the

same error of graduation as before. Let this process be re-

verted as ofin as we please (suppose ten times); then will

Se final arc AB C D read off on the cuxle be ten times the

required angle, affected by the joint errors of aU the ten ob-

servations, but only by the same constant error of gradua^n,

which depends on the initial and final readmgs off alone

Now the errors of observation, when numerous, tend to

bince and destroy one another ; so that, ff -ffi-ntly^-u^^

tiolied their influence will disappear from the resu t. Theie

remains then, only the constant error of graduation, which

comes to be divided in the final result by the number of ob-
comes to a v

diminished in its influence to one
servations, and is tliereroie tumn

tenth of its possible amount, or to less if need be. Ibe

alstract beauty and advantage of this principle seem o be

olerbalanced in practice by some unknown cause, which,

Probably, must be sought for in imperfect clamping.
_

^
(I9V) Micrometers are instruments (as the name am-
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ports*) for measuring, with great precision, small angles, not
exceeding a few minutes, or at most a whole degree. They
are very various in construction and principle, nearly all,

however, depending on the exceeding delicacy with which
space can be subdivided by the turns and parts of a turn of
fine screws. Thus— in the parallel wire micrometer, two
parallel threads (spider's lines are generally used) stretched

on sliding frames, one or both moveable by screws in a di-

rection perpendicular to

that of the threads, are

placed in the common
focus of the object and
eye-glasses of a tele-

scope, and brought by
the motion ofthe screws

exactly to cover the two extremities of the image of any small
object seen in the telescope, as the diameter of a planet, &c., the
angular distance between which it is required to measure. This
done, the threads are closed up by turning one of the screws till

they exactly cover each other, and the number of turns and
parts of a turn required gives the interval of the threads,
which must be converted into angular measure, either by ac-
tual calculation from the linear measure of the threads of the
screw and the focal length of the object-glass, or experiment-
ally, by measuring the image -of a known object placed at a
known distance (as a foot-rule at a hundred yards, &c.) and
therefore subtending a known angle.

(200.) The duplication of the image of an object by optical
means furnishes a valuable and fertile resource in micrometry.
Suppose by any optical contrivance the single image A of
any object can be converted into two, exactly equal and
similar, A B, at a distance from one another, dependent (by

• Mi/cpoy, small ; ixtrpuv, to measure.
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some mechanical movement) on the will of the observer, and

in any required direction from one another. As these can,

therefore, be made to approach to or recede from each other

at pleasure, they may be brought in the first place to ap-

proach till they touch one another on one side, as at A C, and

then being made by continuing the motion to cross and touch

on the opposite side, as AD, it is evident that the quantity

of movement required to produce the change from one con-

tact to the other, if uniform, will measure the double diameter

of the object A.

(201.) Innumerable optical combinations may be devised to

operate such duplication. The chief and most important

(from its recent applications), is the heliometer, in which the

image is divided by bisecting the object-glass of the telescope,

and making its two halves, set in separate brass frames, slide

laterally on each other, as AB, the motion being produced

and measured by a screw.

Each half, by the laws of

optics, forms its own image

(somewhat blurred, it is true,

by diffraction*), in its own

axis ; and thus two equal and

similar images are formed side

by side in the focus of the

eye-piece, which may be made

to approach and recede by the

motion of the screw, and thus aflPord the means of measure-

ment as above described.

(202.) Double refraction through crystallized media affords

another means of accomplishing the same end. Without

going into the intricacies of this difficult branch of optics, it

will suffice to state that objects viewed through certain crys-

tals (as Iceland spar, or quartz) appear double, two images

equally distinct being formed, whose angular distance from

each other varies from nothing (or perfect coincidence), up to

• This iniRlit hP. cured, though at an expense of light, by limiting each half

to a circular space hy diaphragms, as represented by the dotted hnei.
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a certain limit, according to the direction loith respect to a

certain fixed line in the crystal, called its optical axis. Sup-

pose, then, to take the simplest case, that the eye-lens of a

telescope, instead of glass, were formed of such a crystal (say

of quartz, which may be worked as well or better than glass),

and of a spherical form, so as to offer no difference Avhen

turned about on its centre, other than the inclination of its

optical axis to the visual ray. Then when that axis coincides

with the line of collimation of the object-glass, one image

only will be seen, but when made to revolve on an axis

perpendicular to that line, two will arise, opening gradually

out from each other, and thus originating the desired dupli-

cation. In this contrivance, the angular amount of the

rotation of the sphere affords the necessary datum for

determining the separation of the images.

(203.) Of all methods which have been proposed, however,

the simplest and most unobjectionable would appear to be

the following. It is well known to every optical student,

that two prisms of glass, a flint and a crown, may be opposed

to each other, so as to produce a colourless deflection of paral-

lel rays. An object seen through such a compound or

achromatic prism, will be seen simply deviated in direction,

but in no way otherwise altered or distorted. Let such a

prism be constructed with its surfaces so nearly parallel that

the total deviation produced in traversing them shall not ex-

ceed a small amount (say 5'). Let this be cut in half, and
from each half let a circular disc

be formed, and cemented on a

circular plate of parallel glass, or

otherwise sustained, close to and

concentric with the other by a

framework of metal so light as to

intercept but a small portion of the

light which passes on the outside

(as in the annexed figure), where
the dotted lines represent the
radii sustaining one, and the un-
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dotted those carrying the other disc. The whole must be

so mounted as to allow one disc to revolve in its own plane

behind the other, fixed, and to allow the amount of rotation

to be read off. It is evident, then, that when the deviations

produced by the two discs conspire, a total deviation of 10'

will be effected on all the light which has passed through

them; that when they oppose each other, the rays will

emerge undeviated, and that in intermediate positions a de-

viation varying from 0 to 10', and calculable from the angu-

lar rotation of the one disc on the other, will arise. Now,

let this combination be applied at such a point of the cone

of rays, between the object-glass and its focus, that the discs

shall occupy exactly half the area of its section. Then will

half the light of the object lens pass undeviated— the other

half deviated, as above described ; and thus a duplication of

image, variable and measureable (as required for micrometric

measurement) will occur. If the object-glass be not very

large, the most convenient point of its application will be ex-

ternally before it, in which case the diameter of the discs

will be to that of the object-glass as 707 : 1000 ; or (allow-

ing for the spokes) about as 7 to 10.

(204.) The Position Micrometer is simply a straight thi-ead

or wire, which is carried round by a smooth revolving motion,

in the common focus of the object and eye-glasses, in a plane

perpendicular to the axis of the telescope. It serves to de-

termine the situation with respect to some fixed line in the

field of view, of the line joining any two objects or pohits of

an object seen in that field— as two stars, for instance, near

enough to be seen at once. For this purpose the moveable

thread is placed so as to cover both of them, or stand, as may

best be judged, parallel to their line of junction. And its

angle, with the fixed one, is then read oflf upon a small

divided circle exterior to the instrument. When such a

micrometer is applied (as it most commonly is) to an equa^

torially mounted telescope, the zero of its position corresponds

to a direction of the wii'e, such as, prolonged, will represent

a circle of declination in the heavens— and the "angles

of position" so read off are reckoned invariably from one
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point, and in one direction, viz., north, following, south, pre-
ceding ; so that 0° position corresponds to the situation of an
object exactly north of that assumed as a centre of reference— 90° to a situation exactly eastioard, qx following ; 180°
exactly south; and 270° exactly west, or preceding in the
order of diurnal movement. When the relative position of
two stars, very near to each other, so as to be seen at once
in the same field of view, is to be determined in this way,
especially if they be of unequal magnitudes, the best form of
the instrument consists, not in a single thin wire to be placed
centrally across both the stars, but in two thick paraUel
wires, between which both stars are brought under inspection
in a symmetrical situation, by which arrangement the paral-
lebsm^ of the line joining their centers with the direction of
the wires can be very much more accurately judged of. It
gives great advantage, moreover, to the Drecision of such a
judgment, if the position of the observer be such as to brino-
the pnncipal section of his eye (that which in his upright
position IS vertical) into parallelism with the wires.

_
(204 «.) To see the fiducial threads or wires of an eye-

piece or micrometer in a dark night is impossible without
introducing some artificial light into the telescope, so as
either to illuminate the field of view, leaving the threads
dark, or vzce versa. To illuminate the field, the li^ht of aamp IS introduced by a lateral opening into the tube of the
telescope, and dispersed by reflexion on a white unpolished
surface, so arranged as not to intercept any part of the cone
of ray going to form the image. For illuminating the wires
direct lamp light is thrown on them from the side towards
the eye; the superfluous rays being stifled by faUing on a
black internal coating, or suffered to pass out to the tube

'"P'"^""" ^ ^^'^rk chamber,

fiolrl
.?'^

Wi^en the wires are seen dark on an illuminated
field the colour of the illuminating light is of great import-

minatio
' f experience, it is certain that a red illu-

:fw.^
' ''''''''

''''''' ^^^^ ™«
(204 c.) For observing the sun, darkening glasses are neces-
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sary. In this case red glasses are iBappropriate, because

they transmit the solar heat freely, by which the eye wonld

be Eerionsly injured, and even when very deep tinted, render

prolongld inspection intolerably painfnL Green glasses

are free from this objection. The best darkenmg gla^,

however, is a combination of a cobalt b ue with a green

glass, which if the components are properly selected, trans

mits an almost homogeneous yellow bght, and no .ens ble

amount of heat. Both the light and heat of the sun

Cever, may be subdued by reflexion at glass ™rfa-s the

Mit returned by regular reflexion on glass bemg only about

2? per cent, of Lt incident on it. A reflecting telescope

.Sly adapted for viewing the sun may be construe ed

by making the specula of glass, the object mirror havmg ^e

fo™ of a double concave lens, whose a->t^""
-'ffj'^^

producing the image) is worked into a paraboloid of the

op" focal length: and the posterior to a sphere of cons -

erably greater curvature io transmit and disperse out-

V rds'tb! refracted rays into the oi-^^^^'' l^^"^-//-/^^^^

purpose the telescope should be open at both ends) and to so

Lien those reflected by dispersing them as not to
in-

terfere with the distinctness of -m^e Neith^Ae

anality of the glass, nor accuracy of figure m the posterior

^rflce is of an^ importance to the good Per --ce o^su^^^^

. reflector
• Should the light be not sufficiently enleeblea

byte tt reflexion, it may be still further reduced t„

about 1-900- part of its original

''J

"^^
^f

*

small specnlum of glass also in ^^f^j/^.^;
^^rf^;^, ^d

flection bein^ performed on one ot its exterioi sun

the Tefracted'portion being turned away and fcown out at

the other. , • c;- T)

(204..) Advantage may ^J^^^^X^V^L^^
Brewster's polarizing eye-piece) of the piopeilies

j
Mit which may be diminished in any required degiee

by pLrtial reflexion in a plane at right angles to that ot its

»'
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first oblique reflexion. Or without polarization, the lio-ht

may be enfeebled by successive reflexions between paraUel
surfaces to any extent.

(204 e.) When the object in view is to scrutinize, under
high magnifying powers, minute portions of the solar disc;
the light and heat of the general surface may be intercepted
by a metallic screen placed in the focus where the image is
formed, and pierced with a very small hole, allowing "that
minute portion only to pass through and be examined with
the eye-piece

; the observer being thus defended from the
glare. By this arrangement, Mr. Dawes, to whom the
idea is due, has been enabled to observe some very extra-
ordinary peculiarities in the constitution of the sun's sur-
face, discernible in no other way, an account of which wiU
be found in their proper place.

(204/.) Since the use of large reflectors has become
common among astronomers, the necessity of supporting
the ponderous masses of their specula without constraint or
undue pressure in any direction (which would distort the
figure of their polished surfaces), renders the use of some
ready method of verifying, from instant to instant, the ad-
justment of their lines of collimation (or the optical axis ot
the reflectors), and of readjusting it, when shifted, indis-
pensable. For this purpose, a small collimating telescope
(Art. 178.), illuminated by reflexion from a lamp outside, is
fixed within the tube of the reflector, its object-end being
turned towards the speculum. Upon the image of the cross-
wires of this telescope formed in the focus of the reflector,
and seen through its eye-piece as a real object, the transits
and altitudes of celestial objects may be observed as if it

consisted of actual wires ; for these, it is manifest, if once
placed so as to bisect a star, will continue to do so, whatever
amount of tilting the reflector might be subjected to, eitherma lateral or vertical plane. The rays from the star and the
axis of the collimator remaining parallel, the latter axis,
anc not that of the reflector, becomes in fact the real line of
collimation or optic axis of the instrument, when objects are
tluis directly referred to it. Should convenience of micro-



128 OUTLINES OF ASTEONOMY.

metric measiTrement, or the observation of faint objects in a

very feebly illuminated field, preclude such direct reference,

the position of the speculum must from time to time be ex-

amined, and if faulty, readjusted by bringing the micrometer

wires to coincidence with the image of those of the coUima-

tor by an appropriate mechanism communicating the requisite

small amount of movement to the speculum in its cell.*

. See Phil. Trans. 1833, pp. 448-9, where this application of the cojli^'^t^^g

principle used by the author since 1833, is first descnbed. See also " Resul s

o nstronom 'al observation at the Cape of Good Hope," preface, p. ^^^r
-

ot astronomical
bringing before the British Association m

856 T^apiclt n of tlfe L^^^^^ principle as a novelty has been unaware

ifthis tsK use since he has not alluded to it. The direct reference of

JJZ to the collimating cross, described in the text, would seem to have beer.

Smoked bv hlln. These remarks apply to the report of the contents of b.s

paper published in the " Athen^um- of August 30th, 18J6.
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CHAPTER ly.

OF GEOGEAPHT.

OF THE FIGTOE OF THE EARTH.— ITS EXACT DIMENSIOKS ITS
FORM THAT OP EQUILIBRIUM MODIFIED BT CENTRIFUGAL FORCE— VARIATION OP GRAVITY ON ITS SURFACE STATICAL AND
DYNAMICAL MEASURES OP GRAVITY.—THE PENDULUM—GRAVITY
TO A SPHER0H5.—OTHER EFFECTS OF THE EARTH's ROTATION
—TRADE WINDS—VEERING OF THE WINDS.-CYCLONES—FOU^
CAULT'S PENDULUM—THE GYROSCOPE— DETERMINATION OF
GEOGRAPHICAL POSITIONS—OF LATITUDES—OP LONGITUDES—
CONDUCT OF A TRIGONOMETRICAL SURVEY—OF MAPS —PRO
JECTIONS OF THE SPHERE—MEASUREMENT OF HEIGHTS BY THE
BAROMETEE.

(205.) GEOGRAPHT is not only the most important of the
practical branches of knowledge to which astronomy is
applied but it is also, theoretically speaking, an essential
part of the latter science. The earth being the general station
from which we view the heavens, a knowledge of the local
situation of particular stations on its surface is of o-reat con
sequence, when we come to inquire the distances of the nearer
heavenly bodies from us, as concluded from observations of
their paraUax as well as on all other occasions, where a
difference of locality can be supposed to influence astronomical
results. We propose, therefore, in this chapter, to explain
the principles, by which astronomical observation is applied
to geographical determinations, and to give at the same timean outlme of geography so far as it is to be considered a part
01 astronomy. ^

deso^!;- ^'T?^^' ""^'^ ^« ^ delineation or

h nd? T 1 this compre-hends not only the delineation of the form of its continentsana seas, its rivers and mountains, but their physical condition,

tt^o ^n .^^^^^^^^^ .^1
^^^^^ - --muni:^es of men. With physical and political geography, howeverwe have no concern here. Astronomical geography hal fox
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its Objects the exact knowledge of the form and dimensions

of the earth, the parts of its surface occupied by sea and land,

and the configuration of the surface of the latter, regarded as

protuberant Ibove the ocean, and broken into the vanous

forms of mountain, table lax.d, and valley ;
neither should the

form of the bed of the ocean, regarded as a contmuation ot

the surface of the land beneath the water be left out of con-

sideration : we know, it is true, very httle of it
;
but this is

an ilt nce rather to be lamented, and, if possible, remedied,

X.n TcQulesced in, inasmuch as there are many very im-

o/ inquiry which wouM be greatly advanced

we hav already Srown that, speaking loosely, it may be

Telardld as spherical ; but the reader who has duly appreciated

l^e rlarks in art. 22. will not be at a loss to perceive that

t s rTsult, concluded from observations not susceptible of

tuI^Less, and embracing very small portions of the

rte at once, kn only be regarded as a ^-t apP^^^^^^^^^^

and may require to be materially modified by enteung into

ifjSre neglected, or by increasing the deW o^^^^^^^^

observations, or by including m
f-yf^^J; f^^ iZn),

its surface "For instance, if it should turn out (as it wiuj,

Its surtace.
_ somewhat eUip-

than the diameter of its equatonal oirele;-th,3 ^<> ?

proportions were turned m wood
''"f

>™

11, the nicest eye or hand
fX^"^;^;,*^: Lhe"

1life no wonld not fail to be noticed; and, speakmg

the J fecnoe
^ ^^^^^^ „y „

:U^l orVoid, which is tl« na„e appropnated hy

geometers to the form above desonbed.



FIGURE or THE EARTH. ig^

• T^'i
«f a figure by a plane are notcn-cles, but elUpses

;
so that, on such a shaped earth Tehonzon of a spectator would nowhere (except at the ^oles)be exactly circular, but somewhat elliptical. It is eL toaemonstrate, however, that its deviation from the circulaJform, ansmg from so very slight an ".Z/^,.W.y" as abovsujjposed would be- quite imperceptible, not onl/to our eyls>ght, but to the test of the dip-sector; so that hy that modeobservation we should never be led to notice so smTl Ideviation from perfect sphericity. How we are led to hinconclusiou as a practical result, will appear, when w haveexplained the means of determining with aceuracv7.rr-ens of the whole, or any part of the ea^ '

(209.) As we cannot grasp the earth, nor recede fronn if

'o its own size, but can onT; creep T^'r"""'
ou. di.i„„ti.e .eas^es .0rplt rV'^^^s oT^vast syface ,n succession, it becomes necessary LCnlv bvgeometncal reasoning, the defp,.t „f t ,

V
from a delicate and c reM ^ f , i^
to conclude the forn, and d~nro? tb' T,

' ""'^

This would present little diffieuTtv f
were s^ietl/a sphere, .rr^.^rtHitr
ength ofthe ^nJ^LZ::7Z^.^^
TnowTb r " ot'.er'stSrd uXtaow the diameter ,n units of the same kind. Now tl e ri

hT^rL: ""°'r''"'^ - -n^'aT;'
. ;

narl ! 1 .
""^"''I™' P-rt i'- as 1° or ,-l-th

len«h I rV'""^,""'
"t-' -vent/L'e; !

an<f1 L facfr; ''"i'^^^
'^'^ mcafuremeJC

nation at'caeWxtre
inches, b/meft nr ''^^r ;

^'3' or, indeed,

rsiO /c. '"'T P'-escntly to be particularized.

all due^ic^^r:';*;:.' 7 1°
y rom any stafaon, m the exact direction of a
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..endian, and go n^easuriug on, till ^^^^^^^IZ
^ere informed that we had -^"Pf °

TttI ta at once

the point we set out from, our Fobkm wo^^^^^^^^
^^^^^

resolved. It only rem-s, tW tee,^t
^^^^^^^^

Indicafons we
''^;";'='/,;have been measuring in the

exact degree ; and, 2clly, tnax w

exact direction of a great circle.
. i^^i^ate

^ Now, the earth has no landmarks on n

indications, and too little Monn
l„„k outwards,

in an operation. We
to natural

aud refer our situation on
-^f/

™
;l,,ence and

marks, e.tern.Ho -<\^^* Tueh Ihs'are afforded by

stability with the earth itselt. B

the stars. By *f"*7 "f^^i^ta^^^ polar distances,

formed at any station J jte altitude of

T ?e:::i':tetati:':^
*e

,„ay establish the requisite

-^.'^jf, „e know that,

then, is found to have
ifha;e described one

.ro^ded ,oe ha.e kept to he mend.an
"^^^ ^.^^^^^.^.e.

Lee hundred ^.T "m ^^an may be secured at

/21f 1 The direction of the meridian may

ei y instant by the observations "Vt^tia 'in o-
and 'although local difficulties may ob^^^

^

xneasurementfrom this
.

'^^^n^ ^ very simple calcu-

account of the amount of thxs "^^^.J^^^Ze to its

lation will enable us to reduce our obseivea

meridional value.
_ ^ important geo-

(213.) Such is the pnnciple
^x,^

g>ical operation the -asuremen^ of -
^^^^^^

diai. In its detail, /-^'^^^ ^.c mounted and

must be followed. An observato y cann
^^^^^^^

dismounted at every step ,
.o that we

.

^

n« Pxact degree n«i/ier more nor less.

measure an exact. ut.gi«^
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of no consequence, provided we know with equal precision
how muck, more or less, we have measured. In place, then
of measuring this precise aliquot part, we take the' more
convenient method of measuring from one good observino-
station to another, about a degree, or two or three degree^
as the case may be, or indeed any determinate angular
interval apart, and determining by astronomical observation
the precise difference of latitudes between the stations.

(214.) Again, it is of great consequence to avoid in this
operation every source of uncertainty, because an error com-
mitted in the length of a single degree will be multiplied
360 times in the circumference, and nearly 115 times in the
diameter of the earth concluded from it. Any error which
may affect the astronomical determination of a star's altitude
vviU be especially influential. Now, there is stiU too much
uncertainty and fluctuation in the amount of refraction at
moderate altitudes, not to make it especially desirable to
avoid this source of error. To efiect this, we take care
to select for observation, at the extreme stations, some star
which passes through or near the zeniths of both. The
amount of refraction, within a few degrees of the zenith, is
very small, and its fluctuations and uncertainty, in point of
quantity, so excessively minute as to be utterly inappretiable.
Now, It IS the same thing whether we observe the pole to be
raised or depressed a degree, or the zenith distance of a stal^
when on the meridian to have changed by the same quantity
(fig. art. 128.). If at one station we observe any star to pass
through the zenith, and at the other to pass one deo-ree
south or north of the zenith, we are sure that the geographical
latitudes, or the altitudes of the pole at the two stations,
must differ by the same amount.

(215.) Granting that the terminal points of one degree
can be ascertained, its length may be measured by the
methods which will be presently described, as we have before
remarked, to within a very few feet. Now, the error whichmay be committed in fixing each of these tei-minal points
cannot exceed that which may be committed in the observa-
tion ot the zenith distance of a star properly situated for the
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purpose in question. This error, »ith proper care, can

hardly exceed half a second. Supposing we grant the poss.-

bility of ten feet of error in the length of each degree m a

nlelred arc of five degrees, and of half a --d -

of the zenith distances of one star, observed at the northern

and southern stations, and, lastly, suppose all these errors to

conspire, so as to tend all of them to give a result greater, or

7k s than the truth, it will appear, by a very easy pro-

1 on, hat the whole amount of error which would be thus

en ai ed on an estimate of the earth's diameter, a. concluded

from such a measure, would not exceed 1147 yards, or about

two thirds of a mile, and this is ample allowance.

(216.) This, however, supposes that the form of the earth

is hat of a perfect sphere, and,
,^

of its de<-ree8 in all parts precisely equal. But, when we

«me to ™mpare the measures of meridional arcs made m

r rparts'of the globe, the -u''^ "Earned«
Ly a^e sufBciently to show that the ="PP»»*°'^ ° "

pieri^l figure is not .enj remote from the

discordance's far greater than what we
^'-J H

attributable to error of observahon. and whach r^^^

M.„t tbat the hypothesis, in strictness of its l^oldln„,

evident tbat the nyp
^^^^.^.^^ ^^^^^^ ^,

T^^J^Jt^r.ulr^^'^^X^y determined as above de-

e!l^ exprLd in British standard feet, as resulting from

Lirent made with all possible cai. and preci.on,

by con— of

nence, supplied by
f.„:|;t„ which could

instruments, and f-nished ..d>
-^.ff^;^,,,^. ,„Ws.

tend to ensure a successful lesul oi

J
The lengths of the degi^es in

*^ by
from the numbers set down in * ^

J,,,, J,
simple proportion, a method not quuc

are large, but sufficiently so for our purpose.
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Country.

Sweden* A B -

Sweden, A
Russici, A
Russia, B
Prussia, B - .

Denmark, B -

Hanover, A B -

England, A . .

England, B - -

France, A - .

Fi-ance, A B -

Rome, A .

America, A .

India, A B
India, A B
Peru, A B
Cape of Good Hope, A
Cape of Good Hope, B

Latitude of
Middle of Arc.

+66° ^cy 10"-0

+ 66 19 37
17 37
3

58

Arc
measured.

+ 58

+ 56
+ 54
+ 54

+ 52

+ 52

+ 52
+ 46
+ 44
+ 42
+ 39

+ 16

+ 12
— 1

— 33
-35

55-5

26 -0

8 13-7

32 16-6

35 45
2 19-4

52 2
51 2-5

59 —
12 —
8 21-5

32 20-8

31 0-4

18 30
43 20-0

1° 37' 19" -6

0 57 30-4

Measured
Length in

feet.

3

8

1

1

3
9

8

12

2

1

15
1

3

1

3

35
2
30
31

0
57
50
20
22

9

28
57

5-2

28-9

29 0
53-3

57-4
13-1

23-5

0-3

12-7

47
45-0
40-7

34 56-4

7 3-5

13 17-5

34 34-7

593277
35] 832
1309742
2937439
551073
559121
736425
1442953
1036409
3040605
4509832
787919
538100

5794598
574318

1131050
445506
1301993

j
Mean

Lengtli of
the Degree
at the Mid.
die Lati-
tude in

Feet.

365744
367086
365368
365291
365420
365087
365300
364971
364951
364872
364572
364262
363786
363044
362956
362790
364713
364060

It is evident from a mere inspection of the second and fifth
columns of this table, that the measured length of a degree in-
creases loith the latitude, being greatest near the poles, and
least near the equator. Let us now consider what inter-
pretation is to be put upon this conclusion, as regards the
form of the earth.

^

(217.) Suppose we held in our hands a model of the earth
smoothly turned in wood, it would be, as already observed, so
nearly spherical, that neither by the eye nor the touch, un-
assisted by instruments, could we detect any deviation from
that form. Suppose, too, we were debarred from measurino-
directly across from surface to surface in different direction'^

folloJs^-l^^*'^"""™^'"^
measurements were executed were as

Sweden, A
Sweden, A
Russia, A
Russia, B
Prussia—
Denmark

-

HanQver—
England —
France, A

B— Svanberg.
— Maupertuis.
— Struve.

— Struve, Tenner.
Bessel, Bayer.
— Schumacher.
— Gauss.

— Roy, Kater.— Lacaille, Cassini.

France, A B— Delambre, Mechain.
Rome— Boscovich.
America— Mason and Dixon.
India, 1st— Lambton.
India, 2d— Lambton, Everest,
Peru— Lacondamine, Bouguer.
Cape of Good Hope, A— Lacaille.
Cape of Good Hope, B— Maclear.— Astr. Nachr. 574.
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with any Instrument, by which we might at once ascertain

whether one diameter were longer than another ;
how, then,

we may ask, are we to ascertain whether it is a true sphere or

not? It is clear that we have no resource, but to endeavour

to discover, by some nicer means than simple inspection or

feeling, whether the convexity of its surface is the same m

every part; and if not, where it is greatest, and where least.

Suppose, then, a thin plate of

metal to be cut into a con-

cavity at its edge, so as ex-

actly to fit the surface at A

:

let this now be removed from

A, and applied successively

to several other parts of the

surface, taking care to keep its

plane always on a great circle

of the globe, as here represented. If, then we find any

position, B, in which the light can enter m the middle b -

tween the globe and plate, or any other, C, where the latter

tnts by pressure, or admits the light under edges, we

are sure that the curvature of the surface at B is less, and

at C greater, than at A.
. ^ . i i +^

(218 ) What we here do by the application of a metal plate

of determinate length and curvature, we do on the earth by

the measurement of a degree of variation in the altitude of

the pole. Curvature of a surface is nothmg but the continual

deflection of its tangent from one fixed ^^^^'^'^
^';'2ce of

vance alono- it. When, in the sar^ie measured distance oj

nice l^find the tangent (which answers to our«
to have shifted its position with respect to a fixed duec on

n space, (such as the axis of the heavens, or the line joining

the earti's centre and some given star,) more en one part of

the earth's meridian than in another, we conclude, of necessi y,

that the curvature of the surface at the former spot is greater

tin at the latter; and vice .ers,, when, in order to produce

he same change of horizon with respect to the pole (sup-

nose H we require to travel over a longer measured space at

one p>int than at another, we assign to that point a less cur-
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vature. Hence we couclude that the curvature of a meridional

section of the earth is sensibly greater at the equator than to-

wards the poles; or, in other words, that the earth is not

spherical, butflattened at the poles, or, which comes to the

same, protuberant at the equator.

(219.) LetNABDEF represent a meridional section of the

earth, C its centre, and N A, B D, G E, arcs of a meridian,

each corresponding to one degree of difference of latitude, or
to one degree of variation in the meridian altitude of a star,
as referred to the horizon of a spectator travelling along the
meridian. Let « N, a A, i B, J D, ^7 G, e E, be the respective
directions of the plumb-line at the stations N, A, B, D, G, E,
of which we will suppose N to be at the pole and E at the
equator

;
then will the tangents to the surface at these points

respectively be perpendicular to these directions
; and, con-

sequently, if each pair, viz. and a A, i B and <f D, y G
andeE, be prolonged till they intersect each other (at the
points X, y, z), the angles N a: A, B y D, G ^ E, will each be
one degree, and, therefore, all equal ; so that the smaU cur-
vihnear arcs N A, BD, GE, may be regarded as arcs of
wrcles of one degree each, described about x, y, z, as centres.
These are what in geometry are called ce7itres of curvature,
and the radii ^ N or x A, y B or y D, z G or z E, represent
radn of curvature, by which the curvatures at those points
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are determined and measured. Now, as the arcs of different

circles, which subtend equal angles at their respective cen-

tres, are in the direct proportion of their radii, and as the arc

N A is greater than B D, and that again than G E, it follows

that the radius Na; must be greater than By, and By than

E z. Thus it appears that the mutual intersections of the

plumb-lines will not, as in the sphere, all coincide in one

point C, the center, but will bo arranged along a certain

curve, X 7/ z (which will be rendered more evident by con-

sidering a number of intermediate stations). To this curve

geometers have given the name of the evolute of the curve

IST A B D G E, from whose centers of curvature it is con-

structed.

(2-20). In the flattening of a round figure at two opposite

points, and its protuberance at points rectangularly situated

to the former, we recognize the distinguishing feature of the

elliptic form. Accordingly, the next and simplest supposition

that we can make respecting the nature of the meridian,

since it is proved not to be a circle, is, that it is an ellipse, or

nearly so, having NS, the axis of the earth, for its shorter,

and EE, the equatorial diameter, for its longer axis; and

that the form of the earth's surface is that which would arise

from making such a curve revolve about its shorter axis NS.

This agrees well with the general course of the increase of

the deo-ree in going from the equator to the pole. In the

ellipse,°the radius of curvature at E, the extremity of the

lono-er axis is the least, and at that of the shorter axis, the

greatest it admits, and the form of its evolute agrees with that

here represented.* Assuming, then, that it is an ellipse, the

geometrical properties of that curve enable us to assign the

proportion between the lengths of its axes which shall cor-

respond to any proposed rate of variation in its curvature, as

well as to fix upon their absolute lengths, corresponding to

any assi^-ned length of the degree in a given latitude. With-

out troublino- the reader with the investigation, (which may

be found in°any work on the conic sections,) it wHl be suf-

. The dotted linos are the portions of the evolute belonging to the oth«T

quadrants.
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ficient to state the results which have been arrived at by the

most systematic combinations of the measured arcs which
have hitherto been made by geometers. The most recent is

that of Bessel *, who by a combination of the ten arcs, marked
B in our table, has concluded the dimensions of the terrestrial

spheroid to be as follows :—
Greater or equatorial diameter ... = 41,847,192 = 7925-604
Lesser or polar diameter - - . . = 41,707,314 = 7899-] 14
Difference of diameters, or polar compression = 139,768 = 26 471
Proportion of diameters as 299-15 to 298-15.

The Other combination whose results we shall state, is that
of Mr. Airy f, who concludes as follows : —

TT. » - 1 Feet. Miles.
i,quatorial diameter = 41,847,4^6 = 7995-648
Polar diameter_ ^ 41,707,620 = 7899-170
Polar compression = 139,806 = 26-478
1 roportion of diameters as 299-33 to 298 -SS.

These conclusions are based on the consideration of those
13 arcs, to which the letter A is annexed f, and of one other
arc of 1° r Bl"'l, measured in Piedmont by Plana and
Carlini, whose discordance with the rest, owing to local
causes hereafter to be explained, arising from the exceedingly
mountainous nature of the country, render the propriety of so
employing it very doubtful. Be that as it may, the strikingly
near accordance of the two sets of dimensions is such as to
inspire the greatest confidence in both. The measurement at
the Cape of Good Hope by Lacaille, also used in this deter-
mination, has always been regarded as unsatisfactory, and
has recently been demonstrated by Sir Th. Maclear to be
erroneous to a considerable extent. The omission of the
former, and the substitution for the latter, of the far pre-
lerable result of Maclear's second measurement would in-
duce, however, but a trifling change in the final result.

(^^21.) Thus we see that the rough diameter of 8000 miles
we have hitherto used, is rather too great, the excess being

• Schumacher's Astronomische Naclirichten, Nos. 333, 334, 3S5. 438 (18411
T Ji-ncyclopasdia Metropolitann, " Figure of the Earth "

(1 831 ).

-liihH f
^hich have botl, A and B, the numh.^rs usnd by Mr. Airy differ»l)ghtly from BessePs, wh ch are those we have preferred.

'
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about 100 miles, or ^'^th part. As convenient numbers to

remember, the reader may bear in mind, that in our latitude

there are just as iBany thousands of feet in a degree of the

meridian as there are days in the year (365): that, speaking

loosely, a degree is about 70 British statute miles, and a

second about 100 feet; that the equatorial circumference of

the earth is a little less than 25,000 miles (24,899), and the

ellipticity or polar flattening amounts to one 300th part of

the diameter.

(222.) The two sets of results above stated are placed in

juxtaposition, and the particulars given more in detail than

may at first sight appear consonant, either with the general

plan of this work, or the state of the reader's presumed ac-

quaintance with the subject. But it is of importance that he

should early be made to see how, in astronomy, results in ad-

mirable concordance emerge from data accumulated from

totally different quarters, and how local and accidental ir-

regularities in the data themselves become neutralized and

obliterated by their impartial geometrical treatment. In the

cases before us, the modes of calculation followed are widely

different, and in each the mass of figures to be gone through

to arrive at the result, enormous.

(223.) The supposition of an elliptic form of the earth's

section through the axis is recommended by its simplicity,

and confirmed by comparing the numerical results we have

just set down with those of actual measurement. When this

comparison is executed, discordances, it is true, are observed,

which, although still too great to be referred to error of mea-

surement, are yet so small, compared to the errors which

would result from the spherical hypothesis, as completely to

iustify our regarding the earth as an ellipsoid, and referrmg

the observed deviations to either local or, if general, to com-

naratively smaU causes. [For § (223 a) see Note D].

(924 ) Now, it is higlily satisfactory to find that the gene-

ral elliptical figure thus practically proved to exist, is precisely

what omht theoretical!,/ to result from the rotation of the

earth on its axis. For, let us suppose the earth a sphere, at

rest of uniform materials throughout, and externally covered
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with an ocean of equal depth in every part. Under such

circumstances it would obviously be in a state of equilibrium ;

and the water on its surface would have no tendency to run

one way or the other. Suppose, now, a quantity of its ma-

terials were taken from the polar regions, and pUed up all

around the equator, so as to produce that difference of the

polar and equatorial diameters of 26 miles which we know to

exist. It is not less evident that a mountain ridge or equa-

torial continent, only, would be thus formed, down which the

water would run into the excavated part at the poles.

However solid matter might rest where it was placed, the

liquid part, at least, would not remain there, any more than

if it were thrown on the side of a hill. The consequence

therefore, would be the formation of two great polar seas,

hemmed in all round by equatorial land. Now, this is by no

means the case in nature. The ocean occupies, indifferently,

all latitudes, with no more partiality to the polar than to the

equatorial. Since, then, as we see, the water occupies an
elevation above the centre no less than 13 miles greater at

the equator than at the poles, and yet manifests no tendency
to leave the former and run towards the latter, it is evident
that it must be retained in that situation by some adequate
poicer. No such power, however, would exist in the case we
have supposed, which is therefore not conformable to nature.

In other words, the spherical form is not thefigure of equi-

librium ; and therefore the earth is either not at rest, or is so

internally constituted as to attract the water to its equatorial

regions, and retain it there. For the latter supposition there

is no prima facie probability, nor any analogy to lead us to

such an idea. The former is in accordance with all the phe-
nomena of the apparent diurnal motion of the heavens ; and
therefore, if it will furnish us with the potoer in question, we
can have no hesitation in adopting it as the true one.

(225.) Now, every body knows that when a weight is

whirled round, it acquires thereby a tendency to recede from
the centre of its motion ; which is called the centrifugal force.
A stone whirled round in a sling is a common illustration

;

but a better, for our present purpose, will be a pail of water.
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suspended by a cord, and made to spin round, while the cord

hangs perpendicularly. The surface of the water, Instead of

remaining horizontal, will become concave,

as in the figure. The centrifugal force ge-

nerates a tendency in all the water to leave

the axis, and press towards the circum-

ference ; it is, therefore, urged against the

pail, and forced up its sides, till the excess

of height, and consequent increase of pre-

eure downwards, just counterbalances its

centrifugal force, and a state of equilibrium

is attained. The experiment is a very easy

and instructive one, and is admirably cal-

calculated to show how the form of equili-

brium accommodates itself to varying cir-

cumstances. If, for example, we allow the

rotation to cease by degrees, as it becomes

slower we shall see the concavity of the

water regularly diminish ; the elevated out-

ward portion will descend, and the depressed central rise,

while all the time a perfectly smooth surface is maintained,

tiU the rotation is exhausted, when the water resumes its

horizontal state. .14.
(226.) Suppose, then, a globe, of the size of the earth, a.

rest, and covered with a uniform ocean, were to be set m ro-

tation about a certain axis, at first very slowly, but by degrees

more rapidly, till it turned round once in twenty-four hours;

a centriftigal force would be thus generated, whose general

tendency would be to urge the water at every point of the

surface to recede from the axis. A rotation might indeed,

be conceived so swift as to Jlirt the whole ocean from the

surface, like water from a mop. But this would require a

far crreater velocity than what we now speak of. In tlie case

supposed, the roeight of the water would still keep M on the

earth- and the tendency to recede from the axis could only

be salisfied, therefore, by the water leaving the poles, and

flowino- towards the equator; there heaping itself up m a

ridge lust as the water in our pail accumulates against the
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side ; and being retained in opposition to its weight, or natural

tendency towards the centre, by the pressure thus caused.

This, however, could not take place without laying dry the

polar portions of the land in the form of immensely protube-

rant continents; and tlie difference of our supposed cases,

therefore, is this:— in the former, a great equatorial conti-

nent and polar seas would be formed ; in the latter, protube-

rant land would appear at the poles, and a zone of ocean be
disposed around the equator. This would be the first or

immediate effect. Let us now see what would afterwards

happen, in the two cases, if things were allowed to take their

natural course.

(227.) The sea is constantly beating on the land, grinding
it down, and scattering its worn off particles and fragments,
in the state of mud and pebbles, over its bed. Geological
facts afford abundant proof that the existing continents have
all of them undergone this process, even more than once, and
been entirely torn in fragments, or reduced to powder, and
submerged and reconstructed. Land, in this view of the
subject, loses its attribute of fixity. As a mass it might hold
together in opposition to forces which the water freely obeys

;

but in its state of successive or simultaneous degradation,
when disseminated through the water, in the state of sand or
mud, it is subject to all the impulses of that fluid. In the
lapse of time, then, the protuberant land in both cases would
be destroyed, and spread over the bottom of the ocean, filling

up the lower parts, and tending continually to remodel the
tmrface of the solid nucleus, in correspondence with the form
of equilibrium in both cases. Thus, after a sufficient lapse
of time, in the case of an earth at rest, the equatorial con-
tment, thus forcibly constructed, would again be levelled and
transferred to the polar excavations, and the spherical figure
be so at length restored. In that of an earth in rotation^the
polar protuberances would gradually be cut down and dis-
appear, being transferred to the equator (as being then the
deepest sea), till the earth would assume by degrees the form
we observe it to have— that of a flattened or oblate ellipsoid.

(228.) We are far from meaning here to trace the pro-
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cess Wuc/i the earth really assumed its actuaWorm; all

we intend is, to shosv that this is the form to which under

the conditions of a rotation on its axis, it must tend; and

which it would attain, even if originally and (so to speak)

perversely constituted otherwise.
, ,

(229.) But, further, the dimensions of the earth and the

time of its rotation being known, it is easy thence to calculate

the exact amount of the centrifugal force*, which, at the

equator, appears to be ^^^th part of the force or weight by

which aU bodies, whether solid or liquid, tend to fall towards

the earth. By this fraction of its weight, then, the sea at the

equator is lightened, and thereby rendered susceptible of being

supported on a higher level, or more remote from the cen re

than at the poles, where no such counteracting force exists

;

and where, in consequence, the water may be considered a.

specifically heavier. Taking this principle as a g^^^e, and

combining it with the laws of gravity (as deve oped by

Newton, tnd as hereafter to be more fully explained), mathe-

maticians have been enabled to investigate a Pr^on, -^^^

would be the figure of equilibrium of such a lo^J'^2TZ
internally as we have reason to beheve the ear h to be

,

covered whoUy or partiaUy with a fluid; and revo v.ng um-

formly in twenty-four hours ; and the result of this inquiry

is found to agree very satisfactorily with what experience

Iw^ to be the case. From their investigations it appears th

he form of equilibrium is, in fact, no other than an oblate

en psoid, of a degree of ellipticity very nearly identical wit^i

what is ;bservedrand which would be no ^-bt accui^^^^^^^^^

did we know, with precision, the internal constitution and

materials of the earth.
-^i^orl nf thp

(230.) The confirmation thus incidentally furnished of the

hypothesis of the earth's rotation on -nno fad to

strLe the reader. A deviation of its figure from that of a

phere was not contemplated among the original reasons for

adopt nc^ that hypothesis, which was assumed solely on ac-

count of the eas/ explanation it offers of the apparent diurnal

modon of the heavens. Yet we see that, once admitted,

• Newton's Principia, iii. Prop. 19.
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it draws with it, as a necessary consequence, this other re-r

markable phenomenon, of which no other satisfactory account
could be rendered. Indeed, so direct is their connection, that
the ellipticity of the earth's figure was discovered and demon-
strated by Newton to be a consequence of its rotation, and itg

amount actually calculated by him, long before any measure^
pient had suggested such a conclusion. As we advance with
our subject, we shall find the same simple principle branch-
ing out into a whole train of singular and important con-
sequences, some obvious enough, others which at first seem
entirely unconnected with it, and which, until traced by
Newton up to this their origin, had ranked among the most
inscrutable arcana of astronomy, as weU as among its grandest
phenomena.

^

(231.) Of its more obvious consequences, we may here
mention one which falls naturally within our present sub-
ject. If the earth really revolve on its axis, this rotation
must generate a centrifugal force (see art. 225.), the effect of
which must of course be to counteract a certain portion of
the weight of every body situated at the equator, as compared
with Its weight at the poles, or in any intermediate latitudes.
Now, this IS fully confirmed by experience. There is ac-
tually observed to exist a difference in the gravity, or down-
ward tendency, of one and the same body, when conveyed
successively to stations in different latitudes. Experiments
made with the greatest care, and in every accessible part of
the globe, have fully demonstrated the fact of a regular and
progressive increase in the weights of bodies correspondino- to
the increase of latitude, and fixed its amount and the law of
Its progression. From these it appears, that the extreme
amount of this variation of gravity, or the difference between
the equatorial and polar weights of one and the same mass of
matter, ig 1 part in 194 of its whole weight, the rate of in-
crease m travelling from the equator to the pole being as the
square of the sine of the latitude.

h}lll'}^^^?f^' ^^turally inquire, what is meant
speaking of the same body as having different wei<?hts at

d.fferent stations; and, how such a fact, if true, can1,e as-
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certained. When we weigh a body by a balance or a steel-

yard we do but counteract its weight by the equal we.ght of

Lother body under the very san.e—anc^
;

^^^^^^^^^

the body weighed and its counterpoise be removed to another

station their gravity, if changed at all, wdl be changed

eoua ly, so tha't they will still continue to counterbalance

eal other. A difference in the intensity of gravity could

therefore, never be detected by these means
;
nor is it m t us

sen e ia we assert that a body weighing 194 pounds at the

eauator will weigh 195 at the pole. If counterbalanced in a

ZC7v lelyard at the former station, an additional pound

;Std in or other scale at the latter would inevitably

'""mstS^r meaning of the proposition may be thus ex-

plied: - Conceive a^ weight . suspended at the equator by

a strino- without weight passing over a

pulley
,° A, and conducted (supposmg

such a thing possible) over other pul-

leys, such as B, round the earth's con-

vexity, till the other end hung down

at the pole, and there sustained the

weicrht tj. If, then, the weights x and

y were such as, at any one station,
_

eauatorial or polar, would exactly counterpoise each other on

Tblnce, o? when suspended ^de by ^^^^J^
Bulley, they would not counterbalance each otl ei m this

Co ed sftuation, but the polar weight y would prepon-

deSte ; and to restore the equipoise the weight x must be

increased by r^^^h part of its quantity.

(23T) The means by which this variatu^n of g--
J

be shown to exist, audits amount measured, are twofold (like

alUs imations of mechanical power), statical and dynainicah

The former consists in putting the gravity of a weight in

nnilibrium not with that of another weight, but wi h a

^XZZ a different kind not liable to be affected by

"cT tu tion. Such a power is the elastic force of a spring

Let ABC be a strong support of brass standing on the foot

A E D ca^t in one pierce with it, into which is let a smooth
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plate of agate, D, wliich can be adjusted to perfect lioiizon-

talitj by a level. At C let a spiral spring G be attached,

which carries at its lower end a weisrht F,

polished and convex below. The length

and strength of the spring must be so

adjusted that the weight F shall be sus-

tained by it just to swing clear of contact

with the agate plate in the highest lati-

tude at which it is intended to use the
instrument. Then, if small weights b&
added cautiously, it may be made to de-
scend till it just grazes the agate, a con-
tact wliich can be made with the utmost
imaginable delicacy. Let these weights
be noted; the weight F detached; the
spring G carefully lifted off its hook, and
secui-ed, for traveling, from rust, strain, or disturbance, and
the whole apparatus conveyed to a station in a lower latitude.
It wiU then be found, on remounting it, that, although loaded
with the same additional weights as before, the weight F will no
longer have power enough to stretch the spring to the extent
requhred for producing a similar contact. More weights will
require to be added; and the additional quantity necessary
will, it is evident, measure the difference of gravity between
the two stations, as exerted on the whole quantity of pendent
matter, i.e. the sum of the weight of F and AaZf that of the
sph-al spring itseE Granting that a spiral spring can be con-
structed of such strength and dimensions that" a weight of
1 0,000 grains, including its own, shall produce an elongation
of 10 inches without permanently straining it* one additional
grain will produce a further extension of yJ^oth of an inch,
a quantity which cannot possibly be mistaken in such a con-
tact as that in question. Thus we should be provided with

* Whether the process above described could ever be so far perfected and ro-miea as to become a substitute for the use of the pendulum must depend on the
degree ot permanence and uniformity of action of springs, on the constancy or va-
riaijility of tlie effect oftemperature on their elastic force, on the possibility of trans-

wl'^" f''''°'"i'-'ly unaltered, from place to place, &c. The great advantages,however which such an a,,paratus and mode of observation would possess, in

raboriousTedrorri
P-^^'^'l^y' ""'^ expedition, over the present

[See Note E ]
^^P™^"^ P'^°««=. "tender the attempt well worth making.

L 2
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the means of measuring the power of gravity at any station

to within to^tJo'^I^
quantity.

(235.) The other, or dynamical process, by which the force

urging any given weight to the earth may be determined,

consists in ascertaining the velocity imparted by it to the

weioht when suffered to fall freely in a given thne, as one

seco°nd. This velocity cannot, indeed, be directly measured

;

but indirectly, -the principles of mechanics furnish an easy

and certain means of deducing it, and, consequently, the m-

tensity of gravity, by observing the oscillations of a pendulum.

It is proved from mechanical prmciples*, that, if one and the

same pendulum be made to oscillate at different stations, or

under the influence of different forces, and the numbers of oscil-

lationsmade in the same time in each case be counted, the mten-

sities of the forces will be to each other as the squares of the

umBbers of oscillations made, and thus their proportion becomes

known For instance, it is found that, under the equator, a

pendulum of a certainfom and length makes 86,400 vibral^ons

in a mean solar day ; and that, when transported to London,

the same pendulum makes 86,535 vibrations in the same tune.

Hence we conclude, that the intensity of the force urgmg the

pendulum downwards at the equator is to that at London as

86,400)^ to (86,535)^ or as 1 to 1-00315 ;
or, m other

words, that a mass of matter weighing m London 100,000

pounds, exerts the same pressure on the
f
oun^ °r the same

effort to crush a body placed below it, that 100,315 of the

same pounds transported to the equator would exert there.

(236 )
Experiments of this kind have been made, as above

stated, with the utmost care and minutest precaution to en-

sure exactness in aU accessible latitudes ;
and their general

and final result has been, to give for the fraction express-

ino- the difference of gravity at the equator and poles Now,

it will not faU to be noticed by the reader, and wdl, proba-

bly, occur to Irim as an objection against the explanation here

dven of the fact by the earth's rotation, that this differs

materially from the fraction expressing the centrifugal

iorce at the equator. The difference by which the former

fraction exceeds the latter is ^l^, a small quantity m itself,

• Newton's Principia, il. Prop. 24. Cor. 3.



GRAVITT ON A SPHEROID. 149

but still far too large, compared with the others in question,
not to be distinctly accounted for, and not to prove fatal to
this explanation if it will not render a strict account of it,

(237.) The mode in which this difference arises affords a
curious and instructive example of the indirect influence
which mechanical causes often exercise, and of wliich astro-
nomy furnishes innumerable instances. The rotation of the
earth gives rise to the centrifugal force; the centrifugal force
produces an ellipticity in the form of the earth itself; and
this very ellipticity of form modifies its power of attraction
on bodies placed at its surface, and thus gives rise to the dif-
ference in question. Here, then, we have the same cause
exercismg at once a direct and an indirect influence. The
amount of the former is easily calculated, that of the latter
with far more difficulty, by an intricate and profound appli-
cation of geometry, whose steps we cannot pretend to trace
in a work like the present, and can only state its nature and
result.

(238.) The weight of a body (considered as undiminished
by a centrifugal force) is the effect of the earth's attraction on
It. This attraction, as Newton has demonstrated, consists,
not m a tendency of all matter to any one particular centre,
but m a disposition of every particle of matter in the universe
to press towards, and if not opposed to approach to, every
other. The attraction of the earth, then,, on a body placed
on Its surface, is not a simple but a complex force, resultino-
from the separate attractions of all its parts. Now, it it
evident, that if the earth were a perfect sphere, the attrition
exerted by it on a body any where placed on its surface,
whether at its equator or pole, must be exactly alike,— for
the simple reason of the exact symmetry of the sphere in
every direction. It is not less evident that, the earth beino--
elliptical, and this symmetry or similitude of all its parts not
existing, the same result cannot be expected. A body placed
at the equator, and a similar one at the pole of a flattened
ellipsoid, stand in a different geometrical relation to the mass
as a whole. Tins difference, without entering further into
particulars, may be expected to draw with it a difference in
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its forces of attraction on the two bodies. Calculation cf.n-

firms this idea. It is a question of purely mathematical m-

vesti-ation, and has been treated with perfect clearness and

precision by Newton, Maclaurin, Clairaut, and many other

eminent geometers-, and the result of then- mvestigations is

to show that, owing to the elliptic form of the earth alone

and independent of the centrifugal force, its attraction ought

to increase the weight of a body in going rom the equator o

the pole by almost exactly ^i^th part; which, together with

Tth due to the centrifugal force, make up the whole

^'t^'^.eo^^^^^ Phe— .hij^

owes its existence to the earth's rotation, is that of the trade-

vl s. These mighty currents in our atmosphere, on which

0 mportant a part of navigation depends, arise from, 1st,

the unequal exposure of the earth's surface to the suns ray ,

:hicl it is'unequally heated in different lat^tu^^^^^^^^

9aiy from that general law in the constitution of all fluid., m

.f ^ich theyo^^^^X"1^^^
::rrr:^^ west to .s.aw

^
17 Tatisfactory explanation of the magnificent pheno-

r^^^r.^^ of observed fact, of wliich we shaU

.i^t^ explanation farther on th. the .n^.
^^^^^^^^

t^prtiral over some one or otner part ui. t

1 tfopTraL equally divided by *e ecuator, >s, .n con-

?' o'fThe ™t altitude attained by the sun m its

, , r 1 Iw TTicUev though often erroneously attributed

V T'ltiSS.
wind. i. ...060..-
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is communicated to the incumbent air, which is thereby
expanded, and rendered specifically lighter than the air in-
cumbent on the rest of the globe. It is therefore, in obedience
to the general laws of hydrostatics, displaced and buoyed up
from the surface, and its place occupied by colder, and there-
fore heavier air, which glides in, on both sides, along the
surface, from the regions beyond the tropics; while the dis-
placed air, thus raised above its due level, and unsustained by
any lateral pressure, flows over, as it were, and forms an upper
current mthe contrary direction, or towards the poles; which
bemg cooled in its course, and also sucked down to supply the
deficiency in the extra-tropical regions, keeps up thus a
contmual circulation. That this is a real cause (vera causa)
IS placed m complete evidence by the general fact that the
atmospheric pressure at the surface of the sea diminishes
regularly from either tropic to the equator, where the baro-
meter stands habitually about 0^°.2 lower than in the tern-
perate zones.

(241 ) Since the earth revolves about an axis passing,
through the poles, the equatorial portion of its surface has
the greatest velocity of rotation, and aU other parts less in
the proportion of the radii of the circles of latitude to which
they correspond. But as the air, when relatively and ap-
parently at rest on any part of the earth's surface, is only so
because in reality it participates in the motion of rotation
proper to that part, it follows that when a mass of air near
the poles is transferred to the region near the equator by any
impulse urging it directly towards that circle, in every point
of Its progress towards its new situation it must be found
deficient m rotatory velocity, and therefore unable to keepup with the speed of the new surface over which it is brought
Hence the currents of air which set in towards the equatoi'from he north and south must, as they gHde along the sur-ace at the same time lag, or hang back, and drag upon it in«ie direction to the earth's rotation, i. e. from east to

be sLnl
'^^'""^ wouldbe simply northerly and southerly winds, acquire, from thiscause, a relative direction towards the west, and Issume tie
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claaracter of permanent north-easterly and south-easterly

•winds.
.

(242.) "Were any considerable mass of air to be suddenly

transferred from beyond the tropics to the equator, the dif-

ference of the rotatory velocities proper to the two situations

would be so great as to produce not merely a wind, but a

tempest of the most destructive violence. But this is not

the case : the advance of the air from the north and south is

gradual, and all the while the earth is continually acting on,

and by'the friction of its surface accelerating its rotatory

velocity. Supposing its progress towards the equator to cease

at any point, this cause would almost immediately commu-

nicate to it the deficient motion of rotation, after which it

would revolve quietly with the earth, and be at relative rest.

We have only to call to mind the comparative thinness ot the

coatina- which the atmosphere forms around the globe (art.

35 ^ Tnd the immense mass of the latter, compared with the

former (which it exceeds at least 1,200,000 times), to ap-

pretiate fully the influence of any extensive territory of the

earth over the atmosphere immediately incumbent on it, m

destroying any impvilse once given to it, and which is not

continually renewed.
^ • a r.^

f243 ) It follows from this, then, that as the winds on

both sides approach the equator, their easterly tendency must

diminish.* The lengths of the diurnal circles increase very

slowly ih the immediate vicinity of the equator, and for

several degrees on either side of it hardly change at all.

Thus the friction of the surface has more tmie to act m ac-

celeratlno- the velocity of the air, bringing it towards a state

TltSe rest, and diminishing thereby the re ative se of

the currents from east to west, which, on the other hand, is

feebly, and, at length, not at all, reinforced by the cause which

ori<^inally produced it. Arrived, then, at the equator, the

trades must be expected to lose their easterly character alto-

lether. But not only this, but the northern and soudaeru

* c r.nf .vin Hall's
" Fragments of Voyages and Travels." 2nd sf^es.

^-"I;

p;l6£^S!;^ tis is very dltinctly. and. so far as I am aware for the first

time, reasoned out.
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currents here mectirig and opposing, will mutually destroy

each other, leaving only such preponderancy as may be due

to a difference of local causes acting in the two hemispheres

—which in some regions around the equator may lie one

way, in some another.

(244.) The result, then, must be the production of two
great tropical belts, in the northern of which a constant

north-easterly, and in the southern a south-easterly, wind
must prevail, while the winds in the equatorial belt, which
separates the two former, should be comparatively calm and
free from any steady prevalence of easterly character. All

these consequences are agreeable to observed fact, and the

system of aerial currents above described constitutes in

reality what is understood by the regular trade winds.

(245.) The constant friction thus produced between the

earth and atmosphere in the regions near the equator must
(it may be objected) by degrees reduce and at length destroy

the rotation of the whole mass. The laws of dynamics, how-
ever, render such a consequence, generally, impossible : and
it is easy to see, in the present case, where and how the com-
pensation takes place. The heated equatorial air, while it

rises and flows over towards the poles, carries with it the
rotatory velocity due to its equatorial situation into a higher
latitude, where the earth's surface has less motion. Hence,
as it travels northward or southward, it will gain continually

more and more on the surface of the earth in its diurnal

motion, and assume constantly more and more a westerly

relative direction; and when at length it returns to the
surface, in its circulation, which it must do more or less in
all the interval between the tropics and the poles, it will act

on it by its friction as a powerful south-west wind in the
northern hemisphere, and a north-west in the southern, and
restore to it the impulse taken up from it at the equator.
We have here the origin of the south-west and westerly
gales so prevalent in our latitudes, and of the almost uni-
versal westerly winds in the North Atlantic, which are, in
fact, nothing else than a part of the general system of the
rc-action of the trades, and of the process by which the equili-
brium of the earth's motion is maintained under their action.
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(245 a.) If in any region of the earth's surface, where the

latitude is considerable, and where, in consequence the cir-

cumferences of the diurnal circles described by points on the

same meridian a few degrees asunder differ considerably, an

impulse (from whatever cause arising) from the pole towards

the equator be communicated to a portion of the atmosphere

covering several square degrees; an observer situated on the

equatorial limit of the area so disturbed will, in the first m-

stant of the disturbance, experience a wind blowing directly

from the pole, i. e., a north wind in the northern hemisphere

and a south in the southern. To fix our ideas, suppose him

situate in north latitude and beyond the tropic. The air

which reaches him in the first instant, arising from a place

in his immediate vicinity, has the same diurnal rotatory

velocity with himself, and will therefore have no relative

movement westward. But the southward movement of the

whole mass of air continuing, the wind which subsequently

reaches his station arriving from latitudes continually more

and more north, and therefore setting out with a rotatory

velocity continually more and more inferior to that of the

observer, will lag more and more behind the easterly motion

of the earth's surface at his station, and will therefore become,

relatively to him, more and more of an east wmd. In other

words, a wind commencing to blow from the north will not

continue long to do so, but will " draw towards the east,

veerino- gradually round to N.N.E. and N.E. ;
vice versa

the impulse of the mass of air be from south to north. The

first impression on the observer will be that of a south wind,

which in the progress of time will veer round through S. S.A^ .

to S.W., and so mutatis mutandis in the other hemisphere;

and thus arises a general tendency of the wind m extra-tropi-

cal latitudes to veer in a fixed direction, or « to follow the

sun," which meteorological observation very decisively con-

firms as a matter of fact, and is therefore pro tanto a proof of

the reality of the assigned cause.*
_ ^ ^

(245 h.) It is, however, in these tremendous visitations

* See Article Meteorology, Encyc. Brit. $ 70.
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called " hurricanes," which sweep across land and sea with a

devastating power exceeded only by the earthquake, that we
find the most striking verification of the principle above

stated. Suppose that in any locality in the northern hemi-

sphere some considerable portion of the surface, whether of

sea or land, should become so much more heated by the sun's

rays than that surrounding it, as to determine an upward

movement in the air above it in the nature of an ascendinsf

column, thereby giving rise to a diminished barometric pres-

sure, and as a necessary consequence to an indraught of air

from all quarters towards the heated area. Those portions

which arrive from the east and west, participating in the

entire diurnal movement corresponding to the latitude, will

simply meet and be hurried upwards, without any tendency

to gyrate round a center. But the portions which arrive

from the northward will all reach the heated region or its

immediate confines with a modified power. Those which
come from the north-easterly quadrant will have their wes-
terly force increased, and those from the north-west quadrant,

their easterly-force diminished, so that in arriving from the

northward, the general current setting to the heated region

will have assumed a tendency from east to west, and in arriv-

ing from the southward from west to east, and these portions

being drawn up together into the ascending column, will

necessarily assume a rotation round its general axis in the

direction N.W.S.E.*, whereas, were the earth at rest, the air

coming in from all quarters with equal force, each particle

Avould make direct for the center, and simply be thrown up
vertically without any gyration.

(245 c.) The rotation thus given to the ascending column
in the northern hemisphere is in a direction contrary to that

of the hands of a watch face upwards, which we may term
retrograde. And by a similar reasoning, in the southern it

will be seen that a contrary, or direct rotation ought to arise

from the operation of the same causes. It is, moreover,
obvious, that the energy of the vortex so produced must be,
ctEteris paribus, proportional to that of its eflScient causes. In

* See Encyclop. Brit., il/eieorofoi/y, § 73., for the complete reasoning out of this
procGsSa
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lilcrh latitudes there is a deficiency of solar lieat to produce a

powerful ascensional current. On and about the equator, on

the other hand, though heat be abundant, the other efficient

cause, viz. a considerable difference of diurnal rotatory velo-

city, is absent. Such movements, therefore, cannot exist on

the equator, and their intensity will chiefly be confined to

regions in moderate latitudes.

?245 d ) Now every one of these particulars is m exact

conformity with the history of those hurricanes, or cyclones,

as they have been called, from their revolvmg character

which infest the Atlantic along the west coasts of the United

States and the West Indies, the Indian Ocean, and (under

the name of typhoons) the China seas. Their extent and

violence are frightful ; their rotation in the same hemisphere

is invariably the same, and in each, that which theory in-

dicates ; and they are utterly wanting on the equator, ihis

o-rand result, the establishment of which we owe to the

kbours of Mr. Redfield, Sir W. Reid, and Mr. Piddmgton

forms a capital feature in the array of evidence by which

the rotation of the earth, as a physical fact, is demonstrated.

(245 e) Another class of pheenomena, inexplicable except

on the hypothesis of the earth's rotation on its axis, but

flowing easily and naturally from the admission of that

princi;ie, has, within a few years from the present time

ieen brought under our inspection by M. Foucault If a

heavymass of metal (a globe of lead, for example) be sus-

pencM by a long wire from a solid and perfect y fixed sup-

port, over the center of a plane table of a circular form

and, being drawn aside from the perpendicular (suppose

in the direction of the meridian), be then allowed to os-

cillate, taking extreme care to avoid giving it any lateral

motio; (which may be accomplished by drawmg it aside by

a fine thread, and, when quite at rest, burning off e

threads it will of course commence its oscillations in the

p^ane of the meridian. But when watched attentively,

Skin, on the table the points of its circumference, from

Ze to time, opposite to its points of extreme e^^^^^^^

it will in a few minutes be seen to have (apparently) shittea
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its plane of motion ; the northern extremity of its excursions

to and fro having invariahly gone round in azimuth towards

the east, and the southern toicards the loest {^supposing the

experiment made in the northern hemisphere— vice versa in

the southern). Although in a few oscillations the deviation

is too small to be readily perceived, it at length becomes
apparent that the path traced on the table by the projection

of the center of the globe, instead of beins; a rio-orous straio-ht

line, as it must be according to the laws of dynamics, were
the table at rest, is, in reality, a looped curve of the form
here shown {fig. a.) (the intervals of the loops being much

Fig, a.

3

exaggerated)
; all of them passing through the center of the

table.

(245/.) It is evident that such a motion is quite different

from that which a small lateral motion accidentally com-
municated to the pendulous body would produce. The
effect of such an impulse would be to make the central
mass describe a series of elongated ovals, a kind of elliptic
spiral, the convolutions of which Avould pass, not through,
hnt round the center, as here represented {fig. b.); and that
mdifferently in one direction or the other, according to the
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accident of the lateral impulse. On the other hand, the

observed eifect is precisely such as would take place, sup-

Fig. h.

the plane of escalation to remain invariatle, and the

Se°to revolve heneath it in its own plane .n a contrary

dt ct on (from north to west), with an angn ar mofon My

abutted.
^
Supposing the oscillating hall to leave a trac on

the table so tnrning, that trace * {/^/"j^'
J -K^rl ^T, +hp nreceding; article : and it we aamit.

one -/f-*e/ » '^^l"^,, T fact that the tabic, though
the rotation ot the eartn, il

_ +v.m^fPTred bv
^.perceived by ns, does so turn It . n -nsfeu d^Y

earth. Jtat,on bo Jy ^^^^Z'j^J^ „nts

dt ircarried in a given tl^e (suppose one

minnte) more to the eastward than tl,e northern; so that

U hL virally rotated in its own plane through au angle

corresponding^o the difference of these two movemen,. of

his difference is a maximum at the pole (where

it s obviou, that the table turns enthrely m its own plane as

d> earth's surface there does); and it is a. the equator

where in consequence, the experiment won d he mad m
wl^ere, in 1

^ ^ ^ pl^e

;:;;i:drc:rtotrn); and gcneraUy the effect will he
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more strikingly developed in high than in low latitudes. To
show this more clearly, suppose P the north pole, C the center

of the earth, CPQ its axis pro-

longed, AB two successive posi-

tions of the table at an interval of

one minute of time, during which
the meridian AP has rotated

through an angle of 0° 15' round
P to the position BP. The plane

of the table, being a tangent to the
earth's surface, will, if produced
(whether it be at A or B), meet the
axis at Q, the vertex of a cone hav-
ing for its base the diurnal circle of
the place of observation. During

|

the small interval in question, the
portion AQB of this conical surface may be regarded as
plane, and the motion of the table will be the same as if it
formed a part of that plane, and revolved round a pivot at

Q, the meridional diameter a a being transferred into the
position b b, making with a a an angle equal to AQ B. Now
this angle at the equator is nU, the summit of the cone being
there infinitely remote

; whereas, on the pole it is identical
with the spherical angle APB, the table there rotating about
its own center.

(245 h.) The gyroscope is an instrument devised by M.
Foucault to exhibit the same sort of effect in another man-
ner. It depends on the very obvious principle that a body
revolving round one of its axes of permanent rotation,
and free from any disturbing attachment to surrounding -

objects, will preserve its plane ofrotation unaltered. Imagine
a metallic disc, thin in the center but very thick at the cir-
cumference so as to present in section the figure A B, to be
fixed on an axis C D, perpendicular to its plane which turns
in pivot-holes C D, on opposite ends of the diameter of a
ring ofmetal, which is itself provided with exterior pivots on
the extremities of a diameter at right angles to the former.
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and let these rest in pivot holes E F, at the

semicircular metallic arc E G F, supported from rts m.ddle

G by a torsiouless suspeuslou, such a. may be formed by

^Ju^g a thread to a hook at the lower end of a steel a m

rminattag in an inverted conical point resfog m a pohshed

1 TT The whole of this apparatus is to be

St t: ex^delLcy, and with every pr-ecaution

Tsccure perfect ^^X^^:^:^:^the pivots. Suppose now that Dy somtj buiu
^ , , ,i ^tne pilots. 11

rotation is communicated to the
means an exceedingly rapid rotation ib ...
disc which is then abandoned to itself. It xs evident then,

I t rhat it may be set in rotation originallym any given plane

nd 2ndly, thJt however that initial plane be situated, it w^

"encefonUrd continue to rotate in that plane, smce the

Z o^ suspension is such as to exercise no control over it,

Tntat re:;^:^^^ K the disc be heavy, the initial rotation
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very rapid (and especially if suspended in vacuo) the motion
will be kept up for a considerable time— quite lono- enouo-h
to exhibit the phjenomena due to the earth's rotation.

°

(245 I) There being no action exerted by either the pivots
or the suspension which can affect the plane of rotation this
will necessarily continue unchanged, so that the axis C D
about which it spins wiU remain parallel to itself, however
the point of suspension may be varied in place by bodily
transfer of the whole apparatus, or in relative position by
change m the absolute direction of gravity consequent on
the ear h s dmrnal rotation. Suppose then the axis C D to
point at any instant to a given fixed star, then if the earthwere at rest and the diurnal movement of the starry heavens
leal. It could not continue so to point, since the star wouldmove away out of its line of direction, and would appear toeave It behind. The contrary however is the case.' Theaxis of the disc continues to point to the star so long as thedisc Itself continues to revolve, and, could its rotation be k p

It hrough Its whole diurnal circle both above and below the

eartr;o:a^"''"^
''"^ ' f^'

^^^^^^ demonstration of thearths rotation, smce if a line, of whose fixity of directionwe are a pnon sure, appear to vary in position with resp et

Cll^^atl'^'-''''
and surrounding objects it cann fbbut that horizon and those terrestrial points of reference

!;r;:trnt:"^'^^^^^

f],?^^'^'^^^*^'.*'°'''^^'^°°'°^'"'P^°^^o° be such as to limitthe axis of rotation of the disc to a plane holding a d t"

that of the horizon Itself, or of the meridian of the place itmovements are in conformity with what the principfe of dv

T2Z:tTT ''''''' ^ ^-P-tL of he free

^LIoI^'T:''^ ^^^'^ partially com.

into the e d tails Th f T'^'^^r ^"^J^^*

plained bv p! f t them lucidly ex-Plamed by Professor Powell, in the monthly notices of the
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Astronomical Society for April, 1855. The mechanical fact

on which the whole theory turns (the powerful resistance

opposed by a rapidly revolving heavy body to a change of

position in its axis of rotation) may be brought under the

evidence of the senses by the following simple and elegant

experiment. Let any one detach an 18-inch terrestrial

globe from its wooden frame, and, holding It by the brass

meridian with the plane of that circle horizontal, let a rapid

rotation be given to the globe by an assistant. So long as

no attempt is made to alter the position of the axis, the only

sensation experienced by the holder will be the effort of sus-

taining the weight of the globe, just as if it were at rest.

But so soon as he attempts to shift the direction of the axis,

whether in a horizontal, a vertical, or any other plane, he

will at once become aware of a resistance in the revolving

globe to such a change, quite different from the simple in-

ertia of a globe at rest-a kind of Internal struggle— an

effort to twist the globe in his hands, as if some anhnal were

inclosed within its hollow, or as if it were no longer equally

balanced on its center. If he endeavour to roll the globe on

its brass meridian in a right line along the floor (which with

a non-rotating globe would be easy) he will find it impracti-

cable without perpetually and forcibly interfering, not merely

to keep the meridian upright but to prevent its runmng out

of the right line. Suppose, for instance, the brass meridian

to be vertical and its plane coincident with that of the true

meridian, the axis horizontal, and the globe to rotate m the

direction in which the heavens appear to revolve, i. e.from the

east vpwards; to the west downwards, and let him attempt to

roll it (lightly held by the finger and thumb by the highest

point of the circle) in a northerly direction. He wdl find it

run round to the eastward, causing the plane of the bmss

meridian to shift in azimuth in a direction similar to that

of the hands of a watch, and vice versa If he try to make at

roll southwards. That end of the axis which rises appears

to be swept along with the revolving motion of the globe as

seen from above.
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(246.) In order to construct a map or model of the earth
and obtam a knowledge of the distribution of sea and land
over Its surface, the forms of the outlines of its continents
and islands, the courses of its rivers and mountain chains
and the relative situations, Avith respect to each other of
those points which chiefly interest us, as centres of human
habitation or from other causes, it is necessary to possess the
means of determining correctly the situation of any proposed
station on its surface. For this two elements require to be
known, the latitude and longitude, the former assigning its
distance from the poles or the equator, the latter, the me-
ridian on which that distance is to be reckoned. To thesem stnctness, should be added, its height above the sea level •

but the consideration of this had better be deferred, to avoid
comphcating the subject.

(:^47.) The latitude of a station on a sphere would bemerely the length of an arc of the meridL, intercepted
between the station and the nearest poii.t of the equftor

eUiptic, this mode of conceiving latitudes becomes inapplicable
and we are compelled to resort for our definition of lati ude

tL'!!j1"'"' ff P^'P"'^ -t-t '-affords

which h t"T' determining it by observation, andwhich has the advantage of being independent of the figureof the earth, which, after all, is not e.actl, an ellipsoM or

Tthe^a^ T7T'r'''- ^^^^^^^^ ^ ^'^'^on, then
IS the altitude of the elevated pole, and is, therefore, astronomica ly determined by those methods already explaLd forascertaining that important element. In consequence" wUbe remembered that to make a perfectly correct map ofX •

lSrar77 ^^-^ d^ff— of

surface! " ^"^^^^^ ^^-1 -nervals of

triiZifr 1*^' geodesical* measurements and

f treTat "ut
""^''"-^^^ ^^^^-^ determinationthe latitudes of the most important stations is required.

• rr,, the «.«h ; 5..,
^ .^^^^^

^^^^^^
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Fo. thi. purpose, Wore, t^^e
(—

-

capable of great ^^7°) "eS Jhose declkatioos

stars passing the mendian nea> thejemt

have become knowa by^^7:^^^^"^^ standard or

Si:!:-rr^«r:e;od.basbee.e.pMed

.Hb great success.^^^^Z::^ZZ^,

meridian, but .itb
^^"J^J^^^lS ^^.Ih points

rotation P™l»"S«VrA B CD be the celestial hemisphere

of the horizon. Let ABC »
^^^j^^^ j, B the

nrojected ou the horizon. P P^i^lA'^^rt of the dinrnal

meridian, CD r-^^-^^f^irwhose polar distance

circle of a star passmg near *e^emU, w 1

pB is but Uttle greater than the co-latitucie ol tne i

:,, . V % between the zenith and pole (art. 112.). IMu
the arc P A

, the prime vertical at Q
the con-ectl/adjusted, be those

:fits
:tinyt™«e wire in tbe field of view of the

• • n hvRomer. Revived or re-invented by Bwsel.-
. Devised originally by Romer.

Hachr. No. 40.
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telescope (art. 160.). Consequently the interval between

these moments will be the time of the star passing from Q
to S, or the measm-e of the diurnal arc Q E, S, which corre-

sponds to the angle Q P S ,
at the pole. This angle, there-

fore, becomes known hy the mere observation of an interval of
time, in which it is not even necessary to know the error of

the clock, and in which, when the star passes near the zenith,

so that the interval in question is small, even the rate of the

clock, or its gain or loss on true sidereal time, may be

neglected. Now the angle Q P S, or its half Q P E, and
P Q the polar distance of the star, being known, P Z the

zenith distance of the pole can be Calculated by the resolution

of the right-angled spherical triangle P Z Q, and thus the
co-latitude (and of course the latitude) of the place of obser-

vation becomes known. The advantages gained by this mode
of observation are, 1st, that no readings of a divided arc are

needed, so that errors of graduation and reading are avoided :

2dly, that the arc Q R S is very much greater than its versed
sine R Z, so that the dilFerence R Z between the latitude of
the place and the declination of the star is given by the
observation of a magnitude very much greater than itself, or
is, as it were, observed on a greatly enlarged scale. In con-
sequence, a very minute error is entailed on R Z by the
commission of even a considerable one in Q R S : 3dly, that
m this mode of observation all the merely instrumental errors
which affect the ordinary use of the transit instrument are
either uninfluential or eliminated by simply reversing the
axis.

(249.) To determine the latitude of a station, then, is easy.

It is otherwise with its longitude, whose exact determination
18 a matter of more difficulty. The reason is this :— as there
are no meridians marked upon the earth, any more than
parallels of latitude, we are obliged in this case, as in the
case of the latitude, to resort to marks external to the earth,
I. e. to the heavenly bodies, for the objects of our measure-
ment; but with this difference in the two cases— to observers
situated at stations on the same meridian (i. e. differing in
Latitude) the heavens present different aspects at all moments.
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The portions of them which become visible in a complete

diurnal rotation are not the same, and stars which are common

to both describe circles differently inclined to their horizons,

and differently divided by them, and attain different altitudes.

On the other hand, to observers situated on the same parallel

{i. e. differing only in longitude) the heavens present the same

aspects. Their visible portions are the same ; and the same

stars describe circles equally inclined, and similarly divided

by their horizons, and attain the same altitudes. In the

former case there is, in the latter there is not, any thing in

the appearance of the heavens, watched through
, a whole

diurnal rotation, which indicates a difference of locality in the

observer.

(250.) But no two observers, at different points of the

earth's surface, can have at the same instant the same celestial

hemisphere visible. Suppose, to fix our ideas, an observer

•stationed at a given point of the equator, and that at the

moment when he noticed some bright star to be in his zenith,

and therefore on his meridian, he should be suddenly trans-

ported, in an instant of time, round one quarter of the globe

in a westerly direction, it is evident that he will no longer

have the same star vertically above him : it wiU now appear

to him to be just rising, and he will have to wait six hours

before it again comes to his zenith, i. e. before the earth's

rotation from west to east carries him bach again to the line

joining the star and the earth's centre from which he set out.

(251.) The difference of the cases, then, may be thus

stated, so as to afford a key to the astronomical solution^ of

the problem of the longitude. In the case of stations differing

only in latitude, the same star comes to the meridian at the

same time, but at different altitudes. In that of stations

differing only in longitude, it comes to the meridian at the

same altitude, but at different times. Supposing, then, that

an observer ;is in possession of any means by which he can

certainly ascertain the time of a known star's transit across

his meridian, he knows his longitude; or if he knows the

difference between its time of transit across his meridian and

across that of any other station, he knows their difference of
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longitudes. For instance, if the same star pass the meridian

of a place A at a certain moment, and that of B exactly one

hour of sidereal time, or one twenty-fourtli part of the earth's

diurnal period, later, then the difference of longitude between

A and B is one hour of time or 15° of arc, and B is so

much west of A.

(252.) In order to a perfectly clear understanding of the

principle on which the problem of finding the longitude by
astronomical observations is resolved, the reader must learn

to distinguish between time, in the abstract, as common to

the whole universe, and therefore reckoned from an epoch in-

dependent of local situation, and local time, which reckons, at

each particular place, from an epoch, or initial instant, deter-

mined by local convenience. Of time reckoned in the former,

or abstract manner, we have an example in what we have

before defined as equinoctial time, which dates from an epoch

determined by the sun's motion among the stars. Of the

latter, or local reckoning, we have instances in every sidereal

clock in an observatoiy, and in every town clock for common
use. Every astronomer regulates, or aims at regulating, his

sidereal clock, so that it shall indicate 0^ 0™ 0*, when a cer-

tain point in the heavens, called the equinox, is on the me-
ridian of his station. This is the epoch of his sidereal time

;

which is, therefore, entirely a local reckoning. It gives no
information to say that an event happened at such and such

an hour of sidereal time, unless we particularize the station to

which the sidereal time meant appertains. Just so it is with

mean or common time. This is also a local reckoning, having

for its epoch mean noon, or the average of all the times

throughout the year, when the sun is on the meridian of that

particular place to which it belongs ; and, therefore, in like

manner, when we date any event by mean time, it is neces-
sary to name the place, or particularize ichat mean tiine we
mtend. On the other hand, a date by equinoctial time is

absolute, and requires no such explanatory addition.

(253.) The astronomer sets and regulates his sidereal clock
by observing the meridian passages of the more conspicuous
and well-known stars. Each of these holds in the heavens a
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certain determinate and known place with respect to that

imacrinary point called the equinox, and by noting the times

of their passage in succession by his clock he knows when the

equinox passed. At that moment his clock ought to have

marked 0'^ 0°^ 0«; and if it did not, he knows and can correct

its error, and by the agreement or disagreement of the errors

assio-ned by each star he can ascertain whether his clock is

correctly regulated to go twenty-four hours in one diurnal

period, and if not, can ascertain and allow for its rate, ihus,

although his clock may not, and indeed cannot, either be set

correctly, or go truly, yet by applying its error and r«?e (as

they are technically termed), he can correct its indications,

and ascertain the exact sidereal times corresponding to them,

and proper to his locality. This indispensable operation is

called o-etting his local time. For simplicity of explanation,

however, we shall suppose the clock a perfect instrument; or,

which comes to the same thmg, its error and rate apphed at

every moment it is consulted, and included m its indications.

(254.) Suppose, now, of two observers, at distant stations,

A and B, each, independently of the other, to set and regulate

his clock to the true sidereal time of his station. It is evident

that if one of these clocks could be taken up without clerang-

.nc its going, and set down by the side of the other they

would be found, on comparison, to dilFer by the exact differ-

ence of thek local epochs; that is, by the time occupied by

the equinox, or by any star, in passing from the menchan f

A to that of B ; in other words, by their difference of longi-

tude, expressed in sidereal hours, minutes, and seconds.

(255 ) A pendulum clock cannot be thus taken up and

transported from place to place without f-angement, but a

chronometer may. Suppose, then the
7^^?^^^;?^^^.

a chronometer instead of a clock, he may, by bodily tian.fer

of the instrument to the other station, procure a direct com-

parison of sidereal times, and thus obtain his longitude from

A And even if he employ a clock, yet by comparing i h st

with a- good chronometer, and then transfernng the latter

rnstumfnt for comparison with the other clock the .me

end will be accomplished, provided the going of the chio-

nometer can be depended on.
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(256.) Were chronometers perfect, nothing more complete

and convenient than this mode of ascertaining differences of

longitude could be desired. An observer, provided with such

an instrument, and with a portable transit, or some equivalent

method of determining the local time at any given station,

might, by journeying from place to place, and observing the

meridian passages of stars at each, (taking care not to alter

his chronometer, or let it run down,) ascertain their dif-

ferences of longitude with any required precision. In this

case, the same time-keeper being used at every station, if, at

one of them, A, it mark true sidereal time, at any other, B,
it Anil be just so much sidereal time in error as the difference

of longitudes of A and B is equivalent to : in other words,
the longitude of B from A will appear as the error of the
time -keeper on the local time of B. If he travel westward,
then his chronometer will appear continually to gain, although
it really goes correctly. Suppose, for instance, he set out
from A, when the equinox was on the meridian, or his chro-

nometer at O*', and in twenty-four hours (sid. time) had
travelled 15" westward to B. At the moment of arrival there,

his chronometer will again point to 0^ ; but the equinox will

be, not on his new meridian, but on that of A, and he must
wait one hour more for its arrival at that of B. When it

does arrive there, then his watch will, point not to 0'^ but to

1\ and will therefore be I'' fast on the local time of B. If
he travel eastward, the reverse will happen.

(257.) Suppose an observer now to set out from any
station as above described, and constantly travelling westward
to make the tour of the globe, and return to the point he set
out from. A singular consequence will happen : he will

have lost a day in his reckoning of time. He will enter the
day of his arrival in his diary, as Monday, for instance, when,
in fact, it is Tuesday. The reason is obvious. Days and
nights are caused by the alternate appearance of the sun and
stars, as the rotation of the earth carries the spectator round
to view them in succession. So many turns as he makes ab-
solutely round the centre, so often will he pass through the
earth's shadow, and emerge into light, and so many nights
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and days will he experience. But if he travel once round the

globe in the direction of its motion, he will, on his arrival,

have really made one turn more round its centre; and ifm the

opposite direction, one turn less than if he had remained upon

one point of its surface: in the former case, then, he will have

witnessed one alternation of day and night more, m the latter

one less, than if he had trusted to the rotation of the earth

alone to carry him round. As the earth revolves from west to

east, it follows that a westward direction of his journey, by

which he counteracts its rotation, will cause hhii to lose a day,

and an eastward direction, by which he conspires with it, to

o-ain one. In the former case, all his days will be longer
;
m

the latter, shorter than those of a stationary observer. This

'

eontino-ency has actually happened to circumnavigators.

Hence! also, it must necessarily happen that distant settle-

ments, on the same meridian, will differ a day in their usual

reckoning of time, according as they have been colonized by

settlers arriving in an eastward or in a westward direction,

_ a circumstance which may produce strange confusion when

thev come to communicate with each other. The only mode

of correcting the ambiguity, and settling the disputes which

such a difference may give rise to, consists in haymg recourse

to the equinoctial date, which can never be ambiguous.

(258.) Unfortunately for geography and navigation, the

chronometer, though greatly and indeed
J^f

-'^^11^

proved by the skill of modern artists, is yet far too imperfect

L instrument to be relied on implicitly. However such an in-

strument may preserve its uniformity of rate for a few houis

or even daysf yet in long absences from home the chances of

error and accident become so multiplied as to destroy aU

security of reliance on even the best. To a certain extent

this may, indeed, be remedied by carrying out several, andusmg

them as checks on each other; but, besides the expense and

rouble, this is only a palliation of the evd-the great and

fandamental,-as it is the only one to which the determina-

tion of longitudes hy time-keepers is liable. It becomes ne-

cessaiT, therefore, to resort to other means of communicating

from o^e station to another a knowledge of its local time, or
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of propagating from some principal station, as a centre, its

local time as a universal standard with which the local time

at any other, however situated, may be at once comj)ared,

and thus the longitudes of all places be referred to the me-

ridian of such central point.

(259.) The simplest and most accurate method by which

this object can be accomplished, when circumstances admit of

its adoption, is that by telegraphic signal. Let A and B be

two observatories, or other stations, provided with accurate

means of determining their respective local times, and let us

first suppose them visible from each other. Their clocks

being regulated, and their errors and rates ascertained and
applied, let a signal be made at A, of some sudden and de-

finite kind, such as the flash of gunpowder, the explosion of a

rocket, the sudden extinction of a bright light, or any other

which admits of no mistake, and can be seen at great dis-

tances. The moment of the signal being made must be noted

by each observer at his respective clock or watch, as if it were
the transit of a star, or any astronomical phenomenon, and the

error and rate of the clock at each station being applied, the

local time of the signal at each is determined. Consequently,
when the observers communicate their observations of the
signal to each other, since (owing to the almost instantaneous

transmission of light) it must have been seen at the same
absolute Instant by both, the difference of their local times,

and therefore of their longitudes, becomes known. For
example, at A the signal is observed to happen at 0^

sid. time at A, as obtained by applying the error and rate to

the time shown by the clock at A, when the signal was seen

there. At B the same signal was seen at 5^ 4°^ 0', sid. time
at B, similarly deduced from the time noted by the clock at

B, by applying its error and rate. Consequently, the differ-

ence of their local epochs is 4"" 0^ which is also their differ-

ence of longitudes In time, or 1° 0' 0" In hour angle.

(260.) The accuracy of the final determination may be
increased by making and observing several signals at stated
mtervals, each of which affords a comparison of times, and
the mean of all which is, of course, more to be depended
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on than the result of any single comparison. By this means,

the error introduced by the comparison of clocks may be

regarded as altogether destroyed.

(261.) The distances at which signals can be rendered

visible must of course depend on the nature of the interposed

country. Over sea the explosion of rockets may easily be

seen at fifty or sixty miles ; and in mountainous countries the

flash of gunpowder in an open spoon may be seen, if a proper

station be chosen for its exhibition, at much greater distances.

(262.) When the direct light of the flash can no longer be

perceived, either owing to the convexity of the mterposed

seo-ment of the earth, or to intervening obstacles, the sudden

illumination cast on the under surface of the clouds by the

explosion of considerable quantities of powder may often be

observed with success ; and in this way signals have been

made at very much greater distances. Whatever means can

be devised of exciting in two distant observers the same sen-

sation, whether of sound, light, or visible motion, at precisely

the same instant of time, may be employed as a longitude

signal. Wherever, for instance, an unbroken hne of electro-

teleo-raphic connection has been, or hereafter may be, estab-

lished, the means exist of making as complete a comparison

of clocks or watches as if they stood side by side, so that no

method more complete for the determination of differences ot

lono-itude can be desired. Thus, the difference of longitude

between the observatories of Greenwich and Pans was ascer-

tained in 1854. The extreme deviation of the most discor-

dant result from the mean of 29 single determinations (O h.

9 m 20-64 sec), amounted barely to a quarter of a second.

(263 ) AVhere no such electric commumcation exists,

however, the interval between observing stations may be

increased by causing the signals to be made not at one

of them, but at an intermediate point ; for, provided they are

seen by both parties, it is a matter of indifference where they

are exhibited. Still the interval which could be thus em-

braced would be very limited, and the method in consequence

of little use, but for the following ingenious contrivance, by

which it can be extended to any distance, and earned over

any tract of country, however difficult.
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(264.) This contrivance consists in establishing, between

the extreme stations, whose difference of longitude is to be as-

certained, and at which the local times are observed, a chain of

intermediate stations, alternately destined for signals and for

observers. Thus, let A and Z be the extreme stations. At B
let a signal station be established, at which rockets, &c. are

fired at stated intervals. At C let an observer be placed,

provided with a chronoro.eter ; at D, another signal station

;

at E, another observer and chronometer ; till the whole

line is occupied by stations so arranged, that the signal at

B can be seen from A and C ; those at D, from C and E

;

and so on. Matters being thus arranged, and the errors and

rates of the clocks at A and Z ascertained by astronomical

observation, let a signal be made at B, and observed at A and

C, and the times noted. Thus the difference between A's

clock and C's chronometer becomes known. After a short

interval (five minutes for instance) let a signal be made at D,

and observed by C and E. Then will the difference between

their respective chronometers be determined ; and the differ-

ence between the former and the clock at A being already

ascertained, the difference between the clock A and chrono-

meter E is therefore known. This, however, supposes that

the intermediate chronometer C has kept true sidereal time,

or at least a known rate, in the interval between the signals.

'- *
I

I
I

I

JB

Now this interval is purposely made so very short, that no

instrument of any pretensions to character can possibly

produce an appretiable amount of error in its lapse by
deviations from its usual rate. Thus the time propagated

from A to C may be considered as handed over, without

gain or loss (save from error of observation), to E. Simi-

larly, by the signal made at F, and observed at E and Z,

the time so transmitted to E is forwarded on to Z ; and thus

at length the clocks at A and Z are compared. The process
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may be repeated as often as is necessary to destroy error by a

mean of results ; and Avhen the line of stations is numerous,

by keeping up a succession of signals, so as to allow each ob-

server to note alternately those on either side, which is easily

pre-arranged, many comparisons may be kept running along

the line at once, by which time is saved, and other advantages

obtained.* In important cases the process is usually re-

peated on several nights in succession.

(265.) In place of artificial signals, natural ones, when they

occur sufficiently definite for observation, may be equally em-

ployed. In a clear night the number of those smgular me-

teors, called shooting stars, which may be observed, is often

very great, especially on the 9th and 10th of August, and

some other days, as November 12 and 13 ; and as they are

sudden in their appearance and disappearance, and from the

o-reat height at which they have been ascertained to take

place are visible over extensive regions of the earth's surface,

there is no doubt that they may be resorted to with advan

tage, by previous concert and agreement between distant

observers to watch and note them, f Those sudden disturb-

ances of the magnetic needle, to which the name of magnetic

shocks has been given, have been satisfactorily ascertained to

be, very often at least, simultaneous over whole continents,

and in some, perhaps, over the whole globe. These, if ob-

served at magnetic observatories with precise attention to

astronomical time, may become the means of determining

their differences of longitude with more precision, possibly,

than by any other method, if a sufficient number of remark-

able shocks be observed to ascertain their identity, about

which the intervals of time between their occurrence (exactly

alike at both stations) will leave no doubt.

• For a complete account of this method, and the mode of deducing the most

A ,n„tao-Poiis result from a combination of all the observations, see a paper on

^^eSe'rence oftnjtudes of Greenwich and Paris, Phil. Trans. 1826; by the

''f"(nfidiwtTrs't suggested by the late Dr. Maskelyne. to whom, bow-

„ \ *l,P nncticallv useful fact of their periodic recurrence was unknown. i\)r.

f n^^ his thus employed the meteors of the lOth and 12th August, 1847. to

Cooper has hus emp y
of Markreeand Mount Eagle. In [rcland.

S rof the same e";^h havf also been used In Germany for ascertaining the

longitudes of several stations, and with very satisfactory results.
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(206.) Another species of natural signal, visible at once

over a whole terrestrial hemisphere, is afforded by the eclipses

of Jupiter's satellites, of which we shall speak more at large

when we come to treat of those bodies. Every such eclipse

is an event which possesses one great advantage in its appli-

cability to the purpose in question, viz. that the time of its

happening, at any fixed station, such as Greenwich, can be

predicted from a long course of previous recorded observation

and calculation thereon founded, and that this prediction is

sufficiently precise and certain, to stand in the place of a cor-

responding observation. So that an observer at any other

station wherever, who shall have observed one or more of

these eclipses, and ascertained his local time, instead of wait-

ing for a communication with Greenwich, to inform him at

what moment the eclipse took place there, may use the pre-

dicted Greenwich time instead, and thence, at once, and on
the spot, determine his longitude. This mode of ascertain-

ing longitudes is, however, as wiU hereafter appear, not sus-

ceptible of great exactness, and should only be resorted to

when others cannot be had. The nature of the observation

also is such that it cannot be made at sea * ; so that, however
useful to the geographer, it is of no advantage to navigation.

(267.) But such phenomena as these are of only occasional

occurrence ; and in their intervals, and when cut off from all

communication with any fixed station, it is indispensable to

possess some means of determining longitudes, on which not

only the geographer may rely for a knowledge of the exact

position of important stations on land in remote regions, but
on which the navigator can securely stake, at every instant of

his adventurous course, the lives of himself and comrades, the

mterests of his country, and the fortunes of his employers.

Such a method is afforded by Lunar Observations. Though

.* ^compl'sh this is still a desideratum. Observing chairs, suspended
with studious precaution for ensurhig freedom of motion, have been resorted to,
under the vain hope of mitigating the effect of the ship's oscillation. The
opposite course seems more promising, viz. to merely deaden the motion by a
somewhat stifl' suspension (as by a coarse and rougli cabJe), and by friction
strmgs attached to weights running through loops (not pullevs) fixed in the
wooa-work of the vessel. At least, such means have been found bv the author
or singular ethcacy in increasing personal comfort in the suspension of a cot.[Vide Journal of the Society of Arts, Jan. 4, 1861.]
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we have not yet introduced the reader to the phenomena of

the moon's motion, this will not prevent us from giving 'here

the exposition of the principle of the lunar method
;
on the

contrary, it will be highly advantageous to do so, since by

this course we shall have to deal with the naked principle,

apart from all the peculiar sources of difficulty with which the

lunar theory is encumbered, but which are, in fact, completely

extraneous to the principle of its application to the problem

of the longitudes, which is quite elementary.

(268.) If there were in the heavens a clock furnished with

a dial-plate and hands, wliieh always marked Greenwich time,

the longitude of any station would be at once determined, so

soon as°the local time was known, by comparing it with this

clock. Now, the offices of the dial-plate and hands of a

clock are these :— the former carries a set of marks upon it,

whose position is known; the latter, by passing over and

among these marks, informs us, by the place it holds with

respect to them, what it is o'clock, or what time has elapsed

since a certain moment when it stood at one particular spot.

(269.) In a clock the marks on the dial-plate are uniformly

distributed aU around the circumference of a circle, whose

centre is that on which the hands revolve with a uniform

motion. But it is clear that we should, with equal certainty,

though with much more trouble, tell what o'clock it were, if

the marks on the dial-plate were ?^raequally distributed,— if

the hands were excentric, and their motion not uniform,—

provided we knew, 1st, the exact intervals round the cii-cle at

which the hour and minute marks were placed; which would

be the case if we had them all registered in a table, from the

results of previous careful measurement:— 2dly, if we knew

the exact amount and direction of excentriclty of the centre

of motion of the hands; -and, 3dly, if we were fully ac-

quainted with all the mechanism which put the hands in

motion, so as to be able to say at every instant what were

their velocity of movement, and so as to be able to calculate,

without fear of error, now MUCH time should correspond to

BO MUCH angular movement.
_

(270.) The visible surface of the starry heavens is tlie
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dial-plate of our clock, the stars are the fixed marks distributed

around its circuit, the moon is the moveable hand, whichj

Avith a motion that, superficially considered, seems uniform,

but which, when carefully examined, is found to be far other-

wise, and which, regulated by mechanical laws of astonishing

complexity and intricacy in result, though beautifully simple

in principle and design, performs a monthly circuit among
them, passing visibly over and hiding, or, as it is called, oc-

culting some, and gliding beside and between others ; and
whose position among them can, at any moment when it is

visible, be exactly measured by the help of a sextant, just as

we might measure the place of our clock-hand among the
marks on its dial-plate with a pair of compasses, and thence,
from the known and calculated laws of its motion, deduce the
time. That the moon does so move among the stars, while the
latter hold constantly, with respect to each other, tlie same
relative position, the notice of a few nights, or even hours,
will satisfy the commencing student, and this is all that at
present we require.

(271.) There is only one circumstance wanting to make
our analogy complete. Suppose the hands of our clock, in-
stead of moving quite close to the dial-plate, were considerably
elevated above, or distant in front of it. Unless, then, in
viewing it, we kfjpt our eye just in the line of their centre,
we should not see them exactly thrown or -projected upon their
proper places on the dial. And if we were either unaware
of this cause of optical change of place, this parallax or
neghgent in not taking it into account—we might make
great mistakes in reading the time, by referring the hand to
the wrong mark, or incorrectly appreciating its distance from
the right. On the other hand, if we took care to note, in
every case when we had occasion to observe the time, the
exact position of the eye, there would be no difficulty in
ascertaining and allowing for the precise influence of this
cause of apparent displacement. Now, this is just what
obtams with the apparent motion of the moon among the
stars. The former (as will appear) is comparatively near to
the earth— the latter immensely distant; and in consequence

N
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of our not occupying the centre of the earth, but being carried

about on its surface, and constantly changing place, there

avhes parallax, which displaces the moon apparently among

the stars, and must be aUowed for before we can tell the true

place she would occupy if seen from the centre.

(272 ) Such a clock as we have described might, no doubt,

be considered a very bad one; but if it were our only one,

and if incalculable interests were at stake on a perfect know-

ledge of time, we should justly regard it as most precious,

and think no pains ill bestowed in studying the laws of its

movements, or in facilitating the means of reading it correctly.

Such, in the parallel we are drawing, is the lunar theory,

whose object is to reduce to regularity, the indications of this

strangely irregular-going clock, to enable us to predict, long

beforehand, and with absolute certainty, whereabouts among

the stars, at every hour, minute, and second, m every day ot

every year, in Greenwich local time, the moon would be seen

from the earth's centre, and will be seen from every accessible

point of its surface ; and such is the lunar method of longi-

tudes The moon's apparent angular distance from aU those

principal and conspicuous stars which lie in its course, as seen

from the earth's centre, are computed and tabulated with the

ntmost care and precision in almanacks pubhshed under

national control. No sooner does an observer, m any part

of the globe, at sea or on land, measure its actual distance

from any one of those standard stars (whose places m the

heavens have been ascertained for the purpose with the most

anxious solicitude), than he has, in fact, performed that com-

parison of his local time with the local times of every ob-

servatory in the world, which enables him to ascertam his

difference of longitude from one or aU of them.

(273.) The latitudes and longitudes of any number of points

on the earth's surface may be ascertained by the methods above

described; and by thus laying down a sufficient number o

principal points, and filling in the intermediate spaces by local

surveys, might maps of countries be constructed. In prac-

tice however, it is found simpler a^d easier to divide each

par icular nation into a series of great triangles, the angles of
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which are stations conspicuously visible from each other. Of
these trianglesj the angles only are measured by means of the

theodolite, with the exception of one side only of one triamjle,

which is called a base, and which is measured with every

refinement which ingenuity can devise or expense command.

This base is of moderate extent, rarely surpassing six or seven

miles, and purposely selected in a perfectly horizontal plane,

otherwise conveniently adapted to the purposes of measure-

ment. Its length between its two extreme points (which are

dots on plates of gold or platina let into massive blocks of

stone, and which are, or at least ought to he, in all cases

preserved with almost religious care, as monumental records

of the highest importance), is then measured, with every pre-

caution to ensure precision*, and its position with respect to

the meridian, as well as the geographical positions of its

extremities, carefully ascertained.

(274.) The annexed figure represents such a chain of

triangles. A B is the base, 0, C, stations visible from both
its extremities (one of which, O, we will suppose to be a
national observatory, with which it is a principal object that

the base should be as closely and immediately connected as

possible)
; and D, E, F, G, H, K, other stations, remarkable

pomts in the country, by whose connection its whole surface
may be covered, as it were, with a network of triangles.

Now, it is evident that the angles of the triangle A, B, C
bemg observed, and one of its sides, A B, measured, the
other two sides, A C, B C, may be calculated by the rules of
trigonometry; and thus each of the sides A C and B C

* The greatest possible error in the Irish base of between seven and eight
nuies, near Londonderry, is supposed not to exceed two inches.

N 2
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becomes in its turn a base capable of being employed as

known sides of other triangles. For instance, the angles of

the triangles A C G and B C F being known by observation,

and their sides A C and B C, we can thence calculate the

leno-ths AG, C G, and B F, C F. Again, C G and C F

being known, and the included angle G C F, G F may be

calculated, and so on.. Thus may all the stations be accu

-

rately determined and laid down, and as this process may be

carried on to any extent, a map of the whole country may

be thus constructed, and filled in to any degree of detail we

please.

(275 ) Now, on this process there are two important

remarks to be made. The first is, that it is necessary to be

careful in the selection of stations, so as to form triangles

free from any very great inequality in their angles. For in-

stance, the triangle K B F would be a very improper one to

determine the situation of F from observations at B and K,

because the angle F being very acute, a small error m the

ano-le K would produce a great one in the place of i upon

the line B F. Such ill-conditioned triangles, therefore, must

be avoided. But if this be attended to, the accuracy of the

determination of the calculated sides will not be much short

of that which would be obtained by actual measm-ement

(were it practicable) ;
and, therefore, as we recede from the

base on all sides as a centre, it will speedily become practi-

cable to use as bases, the sides of much larger triangles, such

as G F G H, H K, &c. ;
by which means the next step ot

the operation will come to be carried on on a much larger

scale, and embrace far greater intervals, than it would have

been safe to do (for the above reason) in the immediate neigh-

bourhood of the base. Thus it becomes eas^^ to dmde the

Avhole face of a country into great triangles of from 30 to 100

miles in their sides (according to the nature of the ground),

which being once well determined, may be afterwards, by a

second series of subordinate operations, broken up into smal er

ones -d these again into others of a still minuter order, til

r final filling in is brought within the limits of personal

survey and draftsmanship, and till a map is constructed, with

any required degree of detail.
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(276.) The next remark we have to make is, that all the

triangles in question are not, rigorously speaking, plane, but
spherical— existing on the surface of a sphere, or rather, to

speak correctly, of an ellipsoid. In very small triangles, of
six or seven miles in the side, this may be neglected, as the

difference is imperceptible ; but in the larger ones it must be
taken into consideration. It is evident that, as every object-

used for pointing the telescope of a theodolite has some cer-

tain elevation, not only abave the soil, but above the level of
the sea, and as, moreover, these elevations differ in every in-
stance, a reduction to the horizon of all the measured angles
would appear to be required. But, in fact, by the construc-
tion of the theodolite (art. 192,), which is nothing more than
an altitude and azimuth instrument,

this reduction is made in the very

act of reading off the horizontal

angles. Let E be the centre of the

earth; A, B, C, the places on its

spherical surface, to which three sta-

tions, A, P, Q, in a country are re-

ferred by radii E A, E B P, E C Q.
If a theodolite be stationed at A, the

axis of its horizontal circle will

point to E when truly adjusted,

and its plane will be a tangent to the

sphere at A, intersecting the radii EBP, E C Q, at M and
N, above the spherical surface. The telescope of the theodo-
lite, it is true, is pointed in succession to P, and Q ; but the
readings off of its azimuth circle give— not the angle PA Qbetween the directions of the telescope, or between the ob-
jects P, Q, as seen from A ; but the azimuthal angle M A N,
which is the measure of the angle A of the spherical triangle
-» A C. Hence arises this remarkable circumstance, — that
the sum of the three observed angles of any of the great tri-
angles m geodesical operations is always found to be rather
more than 180°. Were the earth's surface a plane, it ought
to be exactly 180°; and this excess, which is called the sphe~
Tical excess, \, so far from being a proof of incorrectness inthe work, that it is essential to its accuracy, and offers at the8ame time another palpable proof of the earth's sphericity.
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(277.) The true way, then, of conceiving the subject of a

trigonometrical survey, when the spherical form of the earth

is taken into consideration, is to regard the network of tr.-

ancles with which the country is covered, as the bases of an

assemblage of pyramids converging to the centre of the earth.

The theodolite gives us the true measures of the angles in^

eluded hy the planes of these pyramids ; and the surface of an

imaginary sphere on the level of the sea intersects them m an

assemblage of spherical triangles, above whose angles, in the

radii prolonged, the real stations of observation are raised by

the superficial inequalities of mountain and yal ey.
_

Ihe

operose calculations of spherical trigonometry which this con-

sideration would seem to render necessary for the reductions

of a survey, are dispensed with in practice by a very simple

and easy rule, called the rule for the spherical excess, which

is to be found in most works on trigonometry. If we would

take into account the ellipticity of the earth, it may also be

done by appropriate processes of calculation, which, however,

are too abstruse to dwell upon in a work like the present.

r278^ Whatever process of calculation we adopt, the re-

sult will be a reduction to the level of the sea of all the

triangles, and the consequent determination of the geogra-

phical latitude and longitude of every station observed Thus

we are at length enabled to construct maps of countiies, to

Z down the Outlines of continents and islands; the courses

of rivers; the places of cities, towns and vil ages ;
the direc-

tion of mountain ridges, and the places of their principal

summits ; and all those details which, as they be ong to phy-

sical and statistical, rather than to astronomical geography

we need not here dilate on. A few words ^^^-^^^ ^^^^

necessary respecting maps, which are used as well m astio

nomy as In geography.

(279.) A map is nothing more than a representation upon a

plane, of some portion of the surface of a sphere, o-vl-h are

traced the particulars intended to be expressed, whether they

be contLous outlines or points. Now, as a spherical surface

. We here neglect the ellipticity of the earth. .•IV.ch for such a purpose a,

„,apIS! i« t'oo trifling to have any material .nfluence.
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can by no contrivance be extended or projected into a

plane, without undue enlargement or contraction of some

parts In proportion to others ; and as the system adopted in

so extending or projecting it will decide what parts shall be

enlarged or relatively contracted, and in what proportions

;

it follows, that when large portions of the sphere are to be

mapped down, a great difference in their representations may
subsist, according to the system of projection adopted.

(280.) The projections chiefly used in maps, are the ortho-

graphic, stereographic, and Mercator's. In the orthographic

projection, every point of the hemi-

sphere is referred to its diametral

plane or base, by a perpendicular let

fall on it, so that the representation

of the hemisphere thus mapped on
its base, is such as would actually

appear to an eye placed at an infinite

distance from it. It is obvious, from the annexed figure,

that in this projection only the central portions are repre-
sented of their true forms, while all the exterior is more
and more distorted and crowded together as we approach the
edges of the map. Owing to this cause, the orthographic
projection, though very good for small portions of the globe,
is of little service for large ones.

(281.) The stereographic

projection is in great mea •

sure free from this defect.

To understand this projec-

tion, we must conceive an
eye to be placed at E, one
extremity of a diameter,

E C B, of the sphere, and
to view the concave surface
of the sphere, every point
of which, as P, is referred to
the diametral plane A D F,
perpendicular to E B by the visual line P M E. The
Btereographic projection of a sphere, then, is a true perspec-

a \^

// \
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tive representation of its concavity on a diametral plane
;
and,

as such, it possesses some singularly elegant geometrical pro-

perties, of whicli we shall state one or two of the prmc.pal.

(282.) And first, then, all circles on the sphere are re-

presented by circles in the projection. Thus

proj-eted into Only great circles passmg through he

\eL B are projected into straight hnes traversing the

repres nted by a sjla,- triangle. in the l-oJ-^on. Th.s

^
"^Id toiether- in the stereographio, then- projected di-

trtortke contrary, somewhat enlarged in receding

^^-st^BXthese projections n^y^^^^^^^^^

one pomt, but as it ini J
^^^^

<

—
)—

pn—
1) 6L

1

c 1 , „,J, hear always to each other theur due

and those
to be extended out into

I'"f°Ttoe"nd ri" meridians are straight lines at nght

i Tu the figure. Altogether, the general cha-
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racter of maps on this projection is not very dissimilar to

-ft'hat would be produced by referring every point in the globe

to a circumscribing cylinder, by lines drawn from the centre,

and then unroUing the cylinder into a plane. Like the

stereosraphic projection, it gives a true representation, as to

form, of every particular small part, but varies greatly in

point of scale in its different regions ; the polar portions in

particular being extravagantly enlarged ; and the whole map,

even of a single hemisphere, not being comprizable within

any finite limits.

(283 a.) A very convenient projection, at once simple in

principle, and remarkable for the facility with which places

on the earth's surface may be laid down from a knowledge of

their latitudes and longitudes, or stars from that of their

right ascensions and polar distances ; or read off from the

chart when projected, is one in which (the radius of a circle

being divided into ninety equal parts, representing degrees

of polar distance,) parallels of latitude or of declination are

expressed by concentric circles, described through each of

the points of division, and circles of longitude or of declina-

tion are represented by the radii. In a planisphere con-

structed on this principle, the proportions of the spaces

occuiDied on the chart by equal areas differently situated, are

better preserved than in any of those already described, and

with an amount of distortion of shape, on the whole, as

little offensive as the nature of a planisphere chart allows.

This projection (as does also one recently proposed by
Sir H, James, which takes in two-thirds of the sphere)

admits of being extended considerably beyond a hemisphere,

without producing a very intolerable distortion.

(283 b.') The following projection, in which equal areas

on the projection correspond precisely to equal areas on the

spherical surface projected, is also occasionally employed.*

Take out, upon any scale, from a table of natural sines, the

sines of 30', 1°, 1° 30', ... up to 45°, and from any center

* See " Results of Astronomical Observations at the Cape of Good Hope,"
by the Author, Plate XI., where this projection Is used to exhibit the law of
distribution of the Nebula.
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with these as radii describe circles. These will represent

the projections of small circles of the sphere about a pole,

where projection is their common center, having the re-

spective polar distances 1°, 2°, 3°, ... 90 .

(284.) We shall not, of course, enter here into any geo-

graphical details ; but one result of maritime discovery on

the great scale is, so to speak, massive enough to call for

mention as an astronomical featiu-e. When the continents

and seas are laid down on a globe (and since the discovery of

Australia and the recent addition to our antarctic knowledge

of Victoria Land by Sir J. C. Eoss, we are sure that no

very extensive tracts of land remain unknown), we find that

it is possible so to divide the globe into two hemispheres, that

one shall contain nearly all the land; the other being almost

entirely sea. It is a fact, not a little interesting to English-

men, and, combined with our insular station in that great

highway of nations, the Atlantic, not a little explanatory of

our commercial eminence, that London* occupies nearly the

center ofthe terrestrial hemisphere. Astronomically speaking,

the fact of this divisibility of the globe into an oceanic and a

terrestrial hemisphere is important, as demonstrative of
^

a

want of absolute equality in the density of the solid material

of the two hemispheres. Considering the whole mass of land

and water as in a state of equilibrium, it is evident that the

half which protrudes must of necessity be buoyant; not, of

course, that we mean to assert it to be lighter than water,

but, as compared with the whole globe, in a less degree heavier

than that fluid. We leave to geologists to draw from these

premises their own conclusions (and we think them obvious

enough) as to the internal constitution of the globe, and the

immediate nature of the forces which sustain its continents at

their actual elevation ; but in any future investigations which

• More exactly, Falmouth. The central point of the hemisphere wWch

contains the maximum of land falls very nearly indeed upon this port. Ihe

l-uid in the opposite hemisphere, with exception of the tapernig extremity ot

South America and the slender peninsula of Malacca .s wholly >nsu ar, and

were it not for Australia, would be quite insignificant in amoiint. ims

•
^ ,:^rr foiti.rp of (rei)trranhv was first noticed hv Colson (Phil. Tr. xxxix.

p! 2 1 0.r A P^i-- °f P^""-P^eres for the horizon of London been published

by Hughes (London, 1839).



BAROMETRIC MEASUREMENT OE HEIGHTS. 187

may have for their object to explain the local deviations of

the intensity of gravity, from what the hypothesis of an exact

elliptic figure would require, this, as a general fact, ought not

to be lost sight of.

(285.) Our knowledge of the surface of our globe is in-

complete, unless it include the heights above the sea level of

every part of the land, and the depression of the bed of the

ocean below the surface over all its extent. The latter object

is attainable (with whatever difficulty and howsoever slowly)

by direct sounding ; the former by two distinct methods : the

one consisting in trigonometrical measurement of the differ-

ences of level of all the stations of a survey ; the other, by
the use of the barometer, the principle of which is, in fact,

identical with that of the sounding line. In both cases we
measure the distance of the point whose level we would know
from the surface of an equilibrated ocean ; only in the one

case it is an ocean of water ; in the other, of air. In the

one case our sounding line is real and tangible ; in the other,

an imaginary one, measured by the length of the column of

quicksilver the superincumbent air is capable of counter-

balancincr,

(286.) Suppose that instead of air, the earth and ocean
were covered with oil, and that human life could subsist

under such circumstances. Let AB CD E be a continent, of

which the portion ABC projects above the water, but Is

covered by the oil, which also floats at an uniform depth on
the whole ocean. Then if we would know the depth of any
point D below the sea level, we let down a plummet from F.
But, ifwe would know the height of B above the same level,

we have only to send up a float from B to the surface of the
oil

;
and having done the same at C, a point at the sea level, the

difference of the tioofloat lines gives the height in question.
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(287). Now, tliough the atmosphere differs from oil in not

having a positive surface equally definite, and in not being

capable of carrying up any float adequate to such an use, yet

it possesses all the properties of a fluid really essential to the

purpose in view, and this in particular,— that, over the whole

surface of the globe, its strata of equal density supposed in a

state of equilibrium, are parallel to the surface of equilibrium,

or to what would be the surface of the sea, if prolonged under

the continents, and therefore each or any of them has all the

characters of a definite surface to measure from, provided it

can be ascertained and identified. Now, the height at which,

at any station B, the mercury in a barometer is supported,

informs us at once how much of the atmosphere is incumbent

on B, or, in other words, in what stratum of the general

atmosjjhere (indicated by its density) B is situated : whence

we are enabled finally to conclude, by mechanical reasoning*,

at what height above the sea-level that degree of density is to

be found over the whole surface of the globe. Such is the

principle of the application of the barometer to the measure-

ment of heights. For details, the reader is referred to other

works.f

(288.) We wiU content ourselves here with a general cau-

tion against an implicit dependence on barometric measure-

ments, except as a difierential process, at stations not too

remote from each other. They rely in theu: application on

the assumption of a state of equilibrium in the atmospheric

strata over the whole globe— which is very far from being

their actual state (art. 37.). Winds, especially steady and

general currents sweeping over extensive continents undoubt-

edly tend to produce some degree of conformity in the cur-

vature of these strata to the general form of the land-surface,

and therefore to give an undue elevation to the mercurial

column at some points. On the other hand, the existence of

localities on the earth's surface, where a permanent depres-

• Newton's Princip. ii. Prop. 22.
, r ir .

t Biot, Astronoinie Physitiue, vol. m. For tables, see the work ot Biot

cited Also those of Oltmann, annually published by the trench board o

longitudes in their Annuaire; and Mr. Baily's^ Collection of Astrononucal

'I'ables and Formula;. Seo also Encyc. Bnt., " Meteorology, § 34.
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sion of the barometer prevails to the astonishing extent of
nearly an inch, has been clearly proved by the observations of
Ermann in Siberia and of Ross in the Antarctic Seas, and is

probably a result of the same cause, and may be conceived

as complementary to an undue habitual elevation in other

regions. The mode in which both elevations and depressions

of a permanent character may be maintained in the surface

of a fluid in motion, will not be enigmatical to any one who
contemplates the ripple caused by a pebble in a brook.

(289.) Possessed of a knowledge of the heights of stations

above the sea, we may connect all stations at the same
altitude by level lines, the lowest of which will be the outline
of the sea-coast

; and the rest will mark out the successive

coast-lines which would take place were the sea to rise by
regular and equal accessions of level over the whole world,
till the highest mountains were submerged. The bottoms of
valleys and the ridge-lines of hills are determined by their

property of intersecting all these level lines at right angles,
and being, subject to that condition, the shortest and longest,
that is to say, the steepest, and the most gently sloping
courses respectively which can be pursued from the summit
to the sea. The former constitute " the water courses" of a
country

;
the latter its lines of " watersched " * by which it

is divided into distinct basins of drainage. Thus originate
natural districts of the most ineffaceable character, on which
the distribution, Kmits, and peculiarities of human com-
munities are in great measure dependent. The mean height
of the continent of Europe, or that height which its surface
would have were all inequalities levelled and the mountains
spread equally over the plains, is according to Humboldt
1342 English feet; that of Asia, 2274 ; of North America,
1496

; and of South America, 2302.t
* Wusser-fcheide, the separation of the waters
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CHAPTER V.

OP URANOGRAPHY.

CONSTKUCTION OF CELESTIAL MAPS Am) GLOBES BY OBSERVATION'S

O IhT ASCENSION AN. DECLINATION._ CELESTIAL OBJECTS

..STXNOmSHEB INTO EIXEO ANO EHKATXC.- OE COPU-

LATIONS.- NATURAL REGIONS IN THE HEAVENS.- THE MILKY

WAY -THE ZOPIAC.-OE THE ECLH>TIC.- CELESTIAL LATITUDES

Ld'lONGITUI.ES.-PKECESSION OE THE EQUINOXES-NUTATION.

"k-xon.-keekaction.-pa.^^ -

THE URANOGRAPHICAL CORRECTIONS.

^290 ) The determination of the relative situations of objects

n the heavens, and the construction of maps and globes

which shall truly represent their mutual configurations as

Wl as of catal'ogues which shall preserve a more precis

numerical record of the position of each, is a task at once

Tmp er and less laborious than that by which the surface o

LTearth is mapped and measured. Every star - t^^^^^^^^^^^^^

constellation which appears to revolve above us, constitute.,

to speak, a celestial station ; and among these stations^we

may as upon the earth, triangulate, by measuring with

prcJer LstiLents their angular distances f-m each o her

Sh, cleared of the effect of refraction, arc then in a state

for layin. down on charts, as we would the towns and villages

of a c'uStry: and this without moving from our place, at

least for all the stars which rise above our horizon.

2910 Great exactness might, no doubt, be attained by

this means, and excellent celestial charts constructed; but

there is a far simpler and easier, and at the same tmie, mfi-

1- rmore accurate course laid open to us if we take advan-

tale of the earth's rotation on its axis, and by observing ea h

wtl obiect as it passes our meridian, refer it separately

rJ^tlptrdently to'the celestial equator, and thus ascertain
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its place on the surface of an imaginary sphere, which may-

be conceived to revolve with it, and on which it may be con-

sidered as projected.

(292.) The right ascension and declination of a point in

the heavens correspond to the longitude and latitude of a
station on the earth ; and the place of a star on a celestial

sphere is determined, when the former elements are known,
just as that of a town on a map, by knowing the latter. The
great advantages which the method of meridian observation
possesses over that of triangulation from star to star, are,

then, 1st, That in it every star is observed in that point of
its diurnal course, when it is best seen and least displaced
by refraction. 2dly, That the instruments required (the
transit and meridian circle) are the simplest and least liable

to error or derangement of any used by astronomers. 3dly,
That all the observations can be made systematically, in

regular succession, and with equal advantages ; there being
here no question about advantageous or disadvantageous
triangles, &c. And, lastly. That, by adopting this course,
the very quantities which we should otherwise have to calcu-
late by long and tedious operations of spherical trigonometry,
and which are essential to the formation of a catalogue, are
made the objects of immediate measurement. It is almost
needless to state, then, that this is the course adopted by
astronomers.

(293.) To determine the right ascension of a celestial ob-
ject, all that is necessary is to observe the moment of its

meridian passage with a transit instrument, by a clock regu-
lated to exact sidereal time, or reduced to such by applying
Its known error and rate. The rate may be obtained by
repeated observations of the same star at its successive meri-
dian passages. The error, however, requires a knowledge of
the equinox, or initial point from which aU right ascensions in
the heavens reckon, as longitudes do on the earth from a first
meridian.

(294.) The nature of this point will be explained pre-
sently; but for the purposes of uranography, in so far as
they concern only the actual configurations of the stars mt^
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any station (as a national observatory) may
^"^^^^^^^^^^^

orfgin of longitudes, ,0 in uranography a^y—
.tar might be selected as an P^'

„b.

:rif dedneed. In P-^^^^" -
IV ^ 1 ^^.r PPrfflin minute causes ot inequality, wun.

bfanlel r::a wbieb wiU be explained in tbeir proper

'''T295 ) The deelinations of celestial objects are obtain^

v! u nf tbeir meridian altitudes, with tue

1st, By obseryafon of tbe«
i^^j^^^nts. This

™ral or '-^^-"' iriC^^.Uc.l latitude of the

requires a knowledge of the e 1

station of fldmorl directly, by ob-

ty
^f^^-l '>^^^'^';i f on the mural circle, as

°d in I t 70 which is independent of any previous

explained in ait.
1

^ j,^ ^^^tion ; neither, how-

'"^'trclte—on give directly and imme-

S \htr:/deelinations The

1— «sr:Sh:tb^^^
in the case of right

^^^^J^o^n may the places, one among

(296.) lu this mannei * u may P
„,p,

the other, of al -l^^^^f^U ,rises a very important

and globes constructed. JNow nc
Do these

quesLn. How far are A-^P^Trp'eserve for ever

Irs and the greater ^Lnf ^lace inter se, as if

one invariable7-"^,^tvisible Armament ; and,

they formed part of a *°^=
^1,^ earth, preserve

lite the great natura juai
^^^^

'"-nttrL" al fdet we ^ould form of the

other? It so.*^
^t of an earth at absolute rest in the

rriTfhI-rystalline sphere circulating round it.
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and carrying sun, moon, and stars along in its diurnal motion.
If not, we must dismiss all such notions, and inquire in-
dividually into the distinct history of each object, with a view
to discovering the laws of its peculiar motions, and whether
any and what other connection subsists between them.

(297.) So far is this, however, from being the case, that
observations, even of the most cursory nature, are sufficient
to show that some, at least, of the celestial bodies, and those
the most conspicuous, are in a state of continual change of
place among the rest. In the case of the moon, indeed! the
change is so rapid and remarkable, that its alteration of
situation with respect to such bright stars as may happen
to be near it may be noticed any fine night in a few hours;
and if noticed on two successive nights, cannot fail to strike
the most careless observer. With the sun, too, the change
of place among the stars is constant and rapid; though, from
the invlslbiUty of stars to the naked eye in the day-time, it
IS not so readily recognized, and requires either the use of
telescopes and angular instruments to measure it, or a longer
contmuance of observation to be struck with it. Neverthe-
less, it is only necessary to call to mind its greater meridian
altitude m summer than in winter, and the fact that tlie
stars which come into view at night (and which are therefore
situated in an hemisphere opposite to that occupied by the
sun, and having that luminary for its centre) vary with the
season of the year, to perceive that a great change must have
taken place in that interval in its relative situation with
respect to all the stars. Besides the sun and moon, too,
there are several other bodies, called planets, which, for the
most part, appear to the naked eye only as the largest and
most brilliant stars, and which offer the same phenomenon of
a constant change of place among the stars ; now approaching,
and now receding from, such of them as we may refer them to
as marks

;
and, some in longer, some in shorter periods,

helvem'
^"^"^ ''"^ complete tour of the

(298.) These, however, are exceptions to the general rule
Ihe mnmnerable multitude of the stars which are distributed

o
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over the vault of the heavens form a constellation, which

preserves, not only to the eye of the casual observer, but to

the nice examination of the astronomer, a uniformity ot

a.pect which, when contrasted with the perpetual change m

the configurations of the sun, moon, and planets, may well

be termed invariable. It is true, indeed, that, by the

refinement of exact measurements prosecuted from age to

ao-e, some small changes of apparent place, attributable to

no ilkision and to no terrestrial cause, have been detected m

many of them. Such are called, in astronomy, the proper

^notLs of the stars. But these are so excessively slow, that

their accumulated amount (even in those stars for which

they are greatest) has been insufficient, in the whole duration

of Ltronomical history, to produce any obvious or material

alteration in the appearance of the starry heavens

(999 ) This circumstance, then, establishes a broad dis-

tinction of the heavenly bodies into two great classes
;
- the

fixed amon. wliich (unless in a course of observation,

ontued for many yea\.) no change of -^ud situa„

be detected; and the erratic, or wandermg -(which i=

ilheTin th word planet*)- including the sun, n^on, and

Tn ts as well as the singular class of bodies termed comets

t wtjse apparent places among the stars, and among each

othlr, the observation of a few days, or even hours, is

sufficient to exhibit an indisputable alteration.

. +^ +ViP ^nqprtion on that globe, in its

he vens, or the vanishing point of paraUeU to the

ot the neav
, ^ni place of the equinox:

"t^nT^irde/these wlich. thongl; attiaeiai. and ha..ing

r Z ™tirelv to our earth, and therefore subject to aU
reference enhrely to

^^^^^^^ ^.^ ^^^^^^ ^
frfc— in practice, that the, have obtained an

• n\a»'rjT7)j, a wanderer.
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admission (with some other circles and lines), sanctioned by
usage, in all globes and planispheres. The reader, however,
will take care to keep them sej^arate in his mind, and to
tamiliarize himself with the idea rather of tioo or more
celestial globes, superposed and fitting on each other, on one
of which— a real one— are inscribed the stars; on the others
those imaginary points, lines, and circles, which astronomers
have devised for their own uses, and to aid their calculations;
and to accustom himself to conceive in the latter or artificial
spheres a capabihty of being shifted in any manner upon the
surface of the other; so that, should experience demonstrate
(as It does) that these artificial points and lines are brouo-ht
by a slow motion of the earth's axis, or by other secular
variations (as they are caUed), to coincide, at very distant
mtervals of thne, with diflferent stars, he may not be un-
prepared for the change, and may have no confusion to
correct in his notions.

(301.) Of course we do not here speak of those uncouth
figures and outlines of men and monsters, which are usuaUy
scribbled over celestial globes and maps, and serve, in a rude
and barbarous way, to enable us to talk of groups of stars, or
districts in the heavens, by names which, thoudi absurd or
puerile in their origin, have obtained a currency from which
It would be difficult to dislodge them. In so far as they
have really (as some have) any slight resemblance to the
figures called up in imagination by a view of the more
splendid "constellations," they have a certain convenience-
but as they are otherwise entirely arbitrary, and correspond
to no natural subdivisions or groupings of the stars, astro-
nomers treat them lightly, or altogether disregard them*
except for briefly yiaming remarkable stars, as a Leonis,'P S^corpii, &c. &c., by letters of the Greek alphabet attached

seemTo^ut blenllL'r n^" '"f^"''""?
<=a"«eless. The constellations

contusion and innnn •
P"'''^"^'^'^ "•'m'^'i end delineated to cause as much

long and contorted
'

'"TT "u"'"^'''-
Innumerable snakes t,Wne through

bears, lions, and ^'''"'"f,'
'^''"^ °° "memory can follow them :

nomenclature, &c A ,

""''them and southern, confuw all

terial help as an artif^iarmem'^'"""
'^""^'^llations might have been a ma.
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to them. The reader will find theiB on any celestial charts

o/globes, and may compare them with the heavens, and

there learn for himself their position.

(302 ) There ar-e not wanting, however natural i.tn.i.

in the heavens, which offer great peenliarit.es of eharacter

s r ke eve,V observer, snch is the My .a^ Aa jre

luminous band, whieh stretches, every -»-S;;'
Jj"

,

.Vv from horizon to horizon, and which, when tiaced witn

Ind mapped down, is found to form -„~
l.r.W enclrclino- the whole sphere, almost in a great circle,

b^iitrrii,^

.„A-ac, not from any thing " "^^j" apparent

hut from its being the
"J 7 *;~,>lanets^

motions of the Bun, moon, and aU the greater !

~e! -nt ctSLrohl*!;. its places

™ssi:TX K-firrsrzzz
sphere in snfBcient number to

'"'"".^t to point, as we
a'i,oined, to connect them by tae P^^

^^^ ,

;:iriyTd:;fK:wh.t,.^

r rtirr,t r^lhtrZ
i' great circ. or

face of the heavens,

the sphere whi* .s c^ed th
p^^,^

rrti:;;:! Porn.s.°ca,.ed
cuinoctlal pomts. or
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equinoxes, and which are distinguished from each other by
the epithets vernal and autumnal ; the vernal being that at

which the sun crosses the equinoctial from south to north
;

the autumnal, when it quits the northern and enters the
southern hemisphere. Secondly, that the moon and all the
planets pursue paths which, in like manner, encircle the whole
heavens, but are not, like that of the sun, great circles exactly
returning into themselves and bisecting the sphere, but rather
spiral curves of much complexity, and described with very
unequal velocities In their different parts. They have all,

however, this in common, that the general direction of their
motions is the same with that of the sun, viz. from west to east,

that is to say, the contrary to that in which both they and
the stars appear to be carried by the diurnal motion of the
heavens

;
and, moreover, that they never deviate far from the

ecliptic on either side, crossing and recrossing it at regular
and equal intervals of time, and confining themselves within
a zone, or belt (the zodiac already spoken of), extending (v/ith
certain exceptions among the smaller planets) not further
than 8° or 9° on either side of the ecliptic.

(304.) It would manifestly be useless to map down on
globes or charts the apparent paths of any of those bodies
which never retrace the same course, and which, therefore
demonstrably, must occupy at some one moment or other of
their history, every point in the area of that zone of the hea-
vens within which they are circumscribed. The apparent
complication of their movements arises (that of the moon ex-
cepted) from our viewing them from a station which is itselfm motion, and would disappear, could we shift our point of
view and observe them from the sun. On the other hand the
apparent motion of the sun is presented to us under its least
involved form, and Is studied, from the station we occupy, to
the greatest advantage. So that, independent of the impor-
tance of that luminary to us in other respects, it is by the
investigation of the laws of its motions in the first instance
that we must rise to a knowledge of those of all the other
bodies of our system.

(305.) The ecliptic, which is its apparent path among the
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stars, is traversed by it in the period called the sidereal yeai,

which consists of 365^ 6'^ Q"^ 9-6% reckoned in mean solar

time or 366* 9" 9-6' reckoned in sidereal time. The reason

of this difference (and it is this which constitutes the origin

of the difference between solar and sidereal time) is, that as

the sun's apparent annual motion among the stars is performed

in a contrary direction to the apparent diurnal motion of both

sun and stars, it comes to the same thing as if the diurnal

motion of the sun were so much shiver than that of the stars,

or as if the sun lagged behind them in its daily
_

course.

\Ylien this has gone on for a whole year, the sun will have

fallen behind the stars by a' whole circumference of the

heavens— or, in other words— in a year the sun wiU have

made fewer diurnal revolutions, by one, than the stars. So

that the same interval of time which is measured by 366'^ 6^

&c. of sidereal time, will be called 365 days, 6 hours, &c., if

reckoned in mean solar tune. Thus, then, is the proportion

between the mean solar and sidereal day established, which,

reduced into a decimal fraction, is that of 1-00273791 to 1.

The measurement of time by these different standards may

be compared to that of space by the standard feet, or ells of

two different nations; th« proportion of which, once settled

and borne in mind, can never become a source of error.

(306.) The position of the ecliptic among the stars may,

for our present purpose, be regarded as invariable. It is

true that this is not strictly the case; and on comparing

too-ether its position at present with that which it held at the

most distant epoch at which we possess observations, we find

evidences of a small change, which theory accounts for, and

whose nature will be hereafter explained; but that change is

po excessively slow, that for a great many successive years,

or even for whole centuries, this circle may be regarded, fbr

most ordinary purposes, as holding the same position in the

sidereal heavens.
, r. ^^

(307.) The poles of the ecliptic, like those of any other

rrreat circle of the sphere, are opposite points on its surface,

equidistant from the ecliptic in every direction. They are

of course not coincident with those of the equinoctial, but
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removed from it by an angular interval equal to the inclina-

tion of the ecliptic to the equinoctial (23° 28'), which is called

the obliquity of the ecliptic. In the next figurej if P jt? repre-

sent the north and south poles (by which when used without

quahfication we always mean the poles of the equinoctial),

and E A Q V the equinoctial, V S AW the ecliptic, and K h,

its poles— the spherical angle Q V S is the obliquity of the

ecliptic, and is equal in angular measure to P K or S Q.
If we suppose the sun's apparent motion to be in the direction

V S A W", V will be the vernal and A the autumnal equinox.

S and W, the two points at which the ecliptic is most distant

from the equinoctial, are termed solstices, because, when
arrived there, the sun ceases to recede from the equator, and
(in that sense, so far as its motion in declination is concerned)
to stand still in the heavens. S, the point where the sun
has the greatest northern declination, is called the summer,
and TV", that where it is farthest south, the wirder solstice.

These epithets obviously have their origin in the dependence
of the seasons on the sun's declination, which will be explained
in the next chapter. The circle E K P Q j9, which passes
through the poles of the ecliptic and equinoctial, is called the
solstitial colure

; and a meridian drawn through the equinoxes,
P V 7? A, the equinoctial colure.

(308.) Since the ecliptic holds a determinate situation in

the staiTy heavens, it may be employed, like the equinoctial,
to refer the positions of the stars to, by circles drawn tlxrough
them from its poles, and therefore perpendicular to it. Such
circles are termed, in astronomy,

circles of latitude— the distance

of a star from the ecliptic, reck-

oned on the circle of latitude

passing through it, is called the
latiiude of the stars— and the e
arc of the ecliptic intercepted
between the vernal equinox and
this circle, its longitude. In the
figure, X is a star, P X R a
cii-cle of declination drawn
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through it, by which it is referred to the equinoctial, and

KX T a circle of latitude referring it to the ecliptic —
then, as V R is the right ascension, and E. X the declination,

of X, so also is V T its longitude, and T X its latitude. The

use of the terms longitude and latitude, in this sense, seems

to have originated in considering the ecliptic as forming a

kind of natural equator to the heavens, as the terrestrial

equator does to the earth — the former holding an invariable

position with respect to the stars, as the latter does with

respect to stations on the earth's surface. The force of this

observation will presently become apparent.

(309.) Knowing the right ascension and declination of an

object, we may find its longitude and latitude, and vice versa,

This is a problem of great use in physical astronomy —the

following is its solution:— In our last figure, E K P Q, the

solstitiaf colure is of course 90° distant from V, the vernal

equinox, which is one of its poles— so that V R (the right

'iscension) being given, and also V E, the arc E R, and its

measure, the spherical angle E P R, or K P X, is known.

In the spherical triangle K P X, then, we have given, 1st,

The side P K, which, being the distance of the poles of the

ecliptic and equinoctial, is equal to the obliquity of the

ecliptic ; 2d, The side P X, the polar distance, or the com-

plement of the declination R X; and, 3d, the included^ angle

KP X; and therefore, by spherical trigonometry, it is easy

to find the other side K X, and the remaining angles. Now

K X is the complement of the required latitude X T, and the

ano-le P KX being known, and P K V being a right angle

(because S V is 90°), the angle XKV becomes known.

Now this is no other than the measure of the longitude V 1

of the object. The inverse problem is resolved by the same

triangle, and by a process exactly similar.

(310.) It is often of use to know the situation of the

ecliptic in the visible heavens at any instant ; that is to say,

the points where it cuts the horizon, and the altitude of its

hlo-hest point, or, as it is sometimes called, the nonagesimal

point of the ecUptic, as well as the longitude of this point on

the ecliptic itself from the equinox. These, and aU questions
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referable to the same data and qusssita, are resolved by the

spherical triangle Z P E, formed by the zenith Z (considered

as the pole of the horizon), the pole of the equinoctial P, and

the pole of the ecliptic E. The

sidereal time being given, and

also the right ascension of the

pole of the ecliptic (which is

always the same, viz, 18^ 0™ 0=),

the hour angle Z PE of that

point is known. Then, in this

triangle we have given P Z, the

colatitude ; P E, the polar dis-

tance of the pole of the ecliptic,

23° 28', and the angle ZP E
from which we may find, 1st, the side Z E, which is easily

seen to be equal to the altitude of the nonagesimal point

sought ; and 2dly, the angle P Z E, which is the azimuth of

the pole of the ecliptic, and which, therefore, being added

to and subtracted from 90°, gives the azimuth of the eastern

and western intersections of the ecliptic with the horizon.

Lastly, the longitude of the nonagesimal point may be had,

by calculating in the same triangle the angle P E Z, which

is its complement.

(311.) The anffle of situation of a star is the angle included

between circles of latitude and of declination passing through

it. To determine it in any proposed case, we must resolve

the triangle P S E, in which are given P S, P E, and the

angle S P E, which is the difference between the star's right

ascension and 18 hours ; from which it is easy to find the
angle P S E required. This angle is of use in many in-

quiries in physical astronomy. It is called in most books
on astronomy, the angle of position, but this expression

has become otherwise and more conveniently appropriated.

(See Art. 204.)

(312.) The same course of observations by which the path
of the sun among the fixed stars is traced, and the ecliptic

marked out among them, determines, of course, the place of
the equinox V (Fig. art. 308.) upon the starry sphere, at
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that time— a point of great importance in practical astro-

nomy, as it is the origin or zero point of right ascension.

Now, when this process is repeated at considerably distant

intervals of time, a very remarkable phenomenon is observed;

viz. that the equinox does not preserve a constant place among

the stars, but shifts its position, travelHng continually and

reo-ularly, although with extreme slowness, backwards, along

the echptic, in the direction VW from east to west, or the

contrary to that in which the sun appears to move in that

circle. As the ecliptic and equinoctial are not very much

inclined, this motion of the equinox from east to west along

the former, consph-es (speaking generally) with the diurnal

motion, and carries it, with reference to that motion, con-

tinually in advance upon the stars : hence it has acqmred the

name of the precession of the equinoxes, because the place o.

the equinox among the stars, at every subsequent moment,

precedes (with reference to the diurnal motion) that which it

held the moment before. The amount of this motion by

which the equinox travels backward, or retrogrades (as it is

called), on the ecliptic, is 0° 0' 50-10" per annum, an ex-

tremelv minute quantity, but which, by its continual accu-

mulati^,n from year to year, at last makes itself very palpable,

and that in a way highly inconvenient to practical astronomers,

by destroying, in the lapse of a moderate number of years

the arrangement of their catalogues of stars, and making it

necessary to reconstruct them. Since the formation of the

earliest catalogue on record, the place of the equinox has re-

trograded abeady about 30°. The period m which it performs

a complete tour of the ecliptic, is 25,868 years

(313.) The immediate uranographical effect ot tne pre-

cession of the equinoxes is to produce a uniform ^«c;•.a«e o/

longitude in all the heavenly bodies, whether fixed or erratic.

For the vernal equinox being the initial point of longitudes,

as well as of right ascension, a retreat of this point on the

'ecliptic tells upon the longitudes of all alike, whether at rest

or in motion, and produces, so far as its amount extends he

appearance of a motion in longitude common to all, as ./the

\
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whole heavens had a slow rotation round the poles of tlie

ecliptic in the long period above mentioned, similar to what

they have in twenty-four hours round those of the equinoctial.

This increase of longitude, the reader will of course observe

and bear in mind, is, properly speaking, neither a real nor an

apparent movement of the stars. It is a purely technical

result, arising from the gradual shifting of the zero point

from which longitudes are reckoned. Had a fixed star been

chosen as the origin of longitudes, they would have been

invariable.

(314.) To form a just idea of this curious astronomical

phenomenon, however, we must abandon, for a time, the

consideration of the ecliptic, as tending to produce confusion

in our ideas ; for this reason, that the stability of the ecliptic

itself among the stars is (as already hinted, art. 306.) only

approximate, and that in consequence its intersection with the

equinoctial is liable to a certain amount of change, arising

from its fluctuation, which mixes itself with what is due to

the principal uranographical cause of the phenomenon. This
cause will become at once apparent, if, instead of regarding
the equinox, we fix our attention on the pole of the equinoc-
tial, or the vanishing point of the earth's axis.

(315.) The place of this point among the stars is easily

determined at any epoch, by the most direct of all astrono-

mical observations,— those with the meridian or mural circle.

By this instrument we are enabled to ascertain at every
moment the exact distance of the polar point from any thi'ee

or more stars, and therefore to lay it down, by triangulating

from these stars, with unerring precision, on a chart or globe,

without the least reference to the position of the ecliptic, or
to any other circle not naturally connected with it. Now,
when this is done with proper diligence and exactness, it

results that, although for short intervals of time, such as a
few days, the place of the pole may be regarded as not sen-
sibly variable, yet in reality it is in a state of constant,
although extremely slow motion

; and, what is still more re-
markable, this motion is not uniform, but compounded of
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one principal, uniform, or nearly uniform, part, and other

smaller and subordinate periodical fluctuations : the former

giving rise to the phenomena of precession; the latter to

another distinct phenomenon called nutation. These two

phenomena, it is true, belong, theoretically speaking, to one

and the same general head, and are intimately connected

together, forming part of a great and complicated chain of

consequences flowing from the earth's rotation on its axis

:

but it will be conducive to clearness at present to consider

them separately

(316.) It is found, then, that in virtue of the uniform part

of the motion of the pole, it describes a circle in the heavens

around the pole of the ecliptic as a centre, keeping constantly

at the same distance of 23° 28' from it in a direction from

east to west, and with such a velocity, that the annual angle

described by it, in this its imaginary orbit, is 50-10"; so that

the whole circle would be described by it in the above-men-

tioned period of 25,868 years. It is easy to perceive how

such a motion of the pole will give rise to the retrograde

motion of the equinoxes ; for in the figure, art. 308, suppose

the pole P in the progress of its motion in the small curcle

P 0 Z round K to come to 0, then, as the situation of the

equinoctial EVQ is determined by that of the pole, this, it is

evident, must cause a displacement of the equinoctial, which

will take a new situation, EUQ, 90° distant in every part

from the new position 0 of the pole. The point U, there-

fore, in which the displaced equinoctial will intersect the

ecliptic, i. e. the displaced equinox, will lie on that side of V,

its original position, towards which the motion of the pole is

directed, or to the westward.

(317.) The precession of the equinoxes thus conceived,

consists, then, in a real but very slow motion of the pole of

the heavens among the stars, in a small circle round the pole

of the ecliptic. Now this cannot happen without producing

corresponding changes in the apparent diurnal motion of the

sphere, and the aspect which the heavens must present at very

remote periods of history. The pole is nothing more than

the vanishing point of the earth's axis As this point, then,
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has such a motion as we have described, it necessarily follows

that the earth's axis must have a conical motion, in virtue of

which It points successively to every part of the small circle

in question. We may form the best idea of such a motion

hy noticing a child's peg-top, when it spins not upright, or

that amusing toy the te-to-tum, which, when dehcately ex-

ecuted, and nicely balanced, becomes an elegant philosophical

instrument, and exhibits, in the most beautiful manner, the

whole phenomenon. The reader will take care not to con-

found the variation of the position of the eartJi's axis in space

Avlth a mere shifting of the imaginary line about which it

revolves, in its interior. The whole earth participates in the

motion, and goes along with the axis as if it were really a

bar of iron driven through it. That such is the case is proved

by the two great facts : 1st, that the latitudes of places on

the earth, or their geographical situation with respect to the

poles, have undergone no perceptible change from the earliest

ages. 2dly, that the sea maintains its level, which could not

be the case if the motion of the axis were not accompanied

with a motion of the whole mass of the earth.*

(318.) The visible effect of precession on the aspect of the

heavens consists in the apparent approach of some stars and

constellations to the pole and recess of others. Tlie bright

star of the Lesser Bear, which we call the pole star, has not

always been, nor will always continue to be, our cynosure.

At the tune of the construction of the earliest cataloo-ues it

was 12° from the pole — it is now only 1° 24', and will

approach yet nearer, to within half a degree, after which it

will again recede, and slowly give place to others, which will

succeed in its companionship to the pole. After a lapse of

about ] 2,000 years, the star a Lyras, the brightest in the

northern hemisphere, will occupy the remai'kable situation of

a pole star approaching within about 5° of the pole.

(319.) At the date of the erection of the Great Pyramid
of Gizeh, which precedes by 3970 years (say 4000) the pre-

Local changes of the sea level, arising from purely geological causes, are
easily distinguished from tliat general and systematic alteration which a shifting
of the axis of rotation would give rise to.
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sent epoch, the longitudes of all the stars were less by 55°

45' than at present. Calculating from this datum* the place

of the pole of the heavens among the stars, it will be found

to fall near a Draconis ; its distance from that stai- being

3° 44' 25". This being the most conspicuous star f in the im-

mediate neighbourhood was therefore the pole star at that

epocli. And the latitude of Gizeh being just 30° north, and

consequently the altitude of the north pole there also 30°, it

follows that the star in question must have had at its lower

culmination, at Gizeh, an altitude of 26° 15' 35". Now it is a

remarkable fact, ascertained by the late researches of Col.

Vyse, that of the nine pyramids still existing at Gizeh, six

(including all the largest) have the narrow passages by which

alone they can be entered, (all which open out on the northern

faces of their respective pyramids) inchned to the horizon

downwards at angles as follows.

2fi° 41'
1st, or Pyramid of Cheops - - " '

25 So
2d, or Pyramid of Cephren - - "

or o
3d, or Pyramid of Mycerinus - - "

I 27 0
"^t^^i " " " "

_ -27 12
- - - '

^ _ -28 0
9th,

Mean - 26 47

Of the two pyramids at Abousseir also, which alone exist

in a state of sufficient preservation to admit of the mchna-

tions of their entrance passages being determmed, one has

the angle 27° 5', the other 26°.

(320.) Atthe bottom of every one of these passages there-

fore, the then pole star must have been visible at its lower

culmination, a circumstance which can hardly be supposed to

have been unintentional, and was doubtless connected (per-

haps superstitiously ) with the astronomical observation of that

star, of whose proximity to the pole at the epoch of the erec

. On this calcuiation the diminution of ^^l^^!tc:^l^t^Ji^
r°ir:;tt':^;;"aJLlSi;r;o do .ith the ..n^e in the

-^bl^^-S-rt-i::^ur .agnit.de. h. there i.

distinct evTdence to show that it was formerly brighter.
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tion of these wonderful structures, we are thus furnished with

a monumental record of the most imperishable nature.

(321.) The nutation of the earth's axis is a small and slow

subordinate gyratory movement, by which, if subsisting

alone, the pole would describe among the stars, in a period of

about nineteen years, a minute ellipsis, having its longer axis

equal to 18''
'5, and its shorter to 13"'74

; the longer being

directed towards the pole of the ecliptic, and the shorter, of

course, at right angles to it. The consequence of this real

motion of the pole is an apparent approach and recess of all

the stars in the heavens to the pole in the same period.

Since, also, the place of the equinox on the ecliptic is deter-

mined by the place of the pole In the heavens, the same cause
will give rise to a small alternate advance and recess of the
equinoctial points, by which, in the same period, both
the longitudes and the right ascensions of the stars wiU be
also alternately increased and diminished.

(322.) Both these motions, however, although here con-
sidered separately, subsist jointly ; and since, while in virtue
of the nutation, the pole is describing its little ellipse of I8"-5
in diameter, it is carried by the greater and regularly pro-
gressive motion of precession over so much of its circle round
the pole of the ecliptic as corresponds to nineteen years,
that is to say, over an angle of nineteen times 50"-l round
the centre (which, in a small circle of 23° 28' in diameter,
corresponds to 6' 20", as seen from the centre of the sphere)

:

the path which it will pursue in virtue of the two motions,
subsisting jointly, will be neither an ellipse nor an exact
circle, but a gently undulated ring like that in the figure
(where, however, the undulations are much exaggerated).
(See^y. to art. 325.)

(323.) These movements of precession and nutation are
common to aU the celestial bodies, both fixed and erratic

;

find this circumstance makes it impossible to attribute them
to any other cause than a real motion of the earth's axis
such as we have described. Did they only affect the stars,
they might, with equal plausibility, be urged to arise from
a real rotation of the starry heavens, as a solid shell, round
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an axis passing through the poles of the ecliptic in 25,868

years, and a real elliptic gyration of that axis in nineteen

years : but since they also affect the sun, moon, and planets,

which, having motions independent of the general body of

the stars, cannot without extravagance be supposed attached

to the celestial concave*, this idea falls to the ground; and

there only remains, then, a real motion m the earth by which

they can be accounted for. It will be shown in a subsequent

chapter that they are necessary consequences of the rotation

of the earth, combined with its elliptical figure, and the

unequal attraction of the sun and moon on its polar and

equatorial regions.

(324.) Uranographically considered, as affecting the ap-

parent places of the stars, they are of the utmost importance

in practical astronomy. When we speak of the right as-

cension and declination of a celestial object, it becomes

necessary to state what epoch we intend, and whether we

mean the mean right ascension— cleared, that is, of the

periodical fluctuation in its amount, which arises from nutation,

or the apparent right ascension, which, being reckoned from

the actual place of the vernal equinox, is affected by the

periodical advance and recess of the equinoctial point pro-

duced by nutation -and so of the other elements. It is

the practice of astronomers to reduce, as it is termed, aU

their observations, both of right ascension and declination, to

some common and convenient epoch-such as the beginning

of the year for temporary purposes, or of the decade, or the

century for more permanent uses, by subtracting from them

the whole effect of precession in the interval ;
and, moreover,

to divest them of the influence of nutation by investigating

and subducting the amount of change, both in right ascension

and declination, due to the displacement of the pole from

the centre to the circumference of the little ellipse above

mentioned. This last process is technically termed correcting

- This argument, cogent as it is, acquires additional and decisive force frorn

, i\ ynut-xtion, which is dependent on the position, for the time, of the

the law
°f It to a real motion of the celestial sphere, we must

Iherra^ainYhlt^phere to be kepti^ a constant state of tremorby the moUon

of the moon t
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or equating the observation for nutation; by which latter

word is always understood, in astronomy, the getting rid of

a periodical cause of fluctuation, and presenting a result, not

as it was observed, but as it would have been observed, had

that cause of fluctuation had no existence.

(325.) For these purposes, in the present case, very con-

venient formula have been derived, and tables constructed.

They are, however, of too technical a character for this

work; we shall, however, point out the manner in which

the investigation is conducted. It has been shown in art.

309. by what means the right ascension and declination of an

object are derived from its longitude and latitude. Referring

to the figure of that article, and supposing the triangle

KPX orthographically projected on the plane of the ecliptic

as in the annexed figure : in the triangle KP X, KP is the

obliquity of the ecliptic, KX the co-latitude (or complement
of latitude), and the angle PKX the co-longitude of the

object X. These are the data of our question, of which the

second is constant, and the other two are varied by the effect

of precession and nutation : and their variations (considering

the minuteness of the latter effect generally, and the small

number of years in comparison of the whole period of 25,868,

for which we ever require to estimate the effect of the

former,) are of that order

which may be regarded as

infinitesimal in geometry,

and treated as such without

fear of error. The whole

question, then, is reduced

to this :— In a spherical

triangle KPX, in which
one side KX is constant,

and an angle K, and ad-
jacent side KP vary by
given infinitesimal changes
of the position of P : re-

quired the changes thence arising in the other side PX, and
the angle KPX. Tliis is a very simple and easy problem of
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spliencal geometry, and being resolved, it gives at once the

reductions we are seeking; for PX being the polar distance

of the object, and the angle K PX its right ascension plus

90°, their variations are the very quantities we seek. It only

remains, then, to express in proper form the amount of the

precession and nutation in longitude and latitude, when their

amount in right ascension and declination will hnmediately

be obtained.
^ ^.-4. j

(326 ) The precession in latitude is zero, since the latituaes

of obiects are not changed by it : that in longitude is a quan-

tity proportional to the time at the rate of 50"-10 per annum.

With regard to the nutation in longitude and latitude, these

are no other than the abscissa and ordinate of the little

ellipse in which the pole moves. The law of its motion,

however, therein, cannot be understood till the reader has

been made acquainted with the principal features of the

moon's motion on which it depends.

(327.) Another consequence of what has been shown

respecting precession and nutation is, that sidereal ttme, ^s

astronomers use it, i. e. as reckoned from the transit of the

equinoctial point, is not a mean or uniformlyflowing quantity

beino- affected by nutation ; and, moreover, that reckoned,

even when cleared of the periodical fluctuation of nutation,

it does not strictly correspond to the earth's diurnal rotation.

As the sun one day in the year on the stars, by its

direct motion in longitude; so the equinox ^^mn. one day in

25,868 years on them by its retrogradation. e ought

therefore, as carefully to distinguish between mean and

apparent sidereal as between mean and apparent solar time

(328 ) Neither precession nor nutation change the appaient

places of celestial objects inter se. We see them, so far as

These causes go, as they are, though from a station more or

less unstable, as we see distant land objects correctly formed,

though appearing to rise and fall when viewed from the

Tavrn. deck of a ship in the act of pitching and rolling

B^t there is an optical cause, independent of refraction or of

perspective, which displaces them one among the other,

SuBcs us to view the heavens under an aspect always to a
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certain slight extent false; and Avliose influence must be
estimated and allowed for before we can obtain a precise

knowledge of tbe place of any object. This cause is what
is called the aberration of light; a singular and surprising

elfect arising from this, that we occupy a station not at rest

but in rapid motion ; and that the apparent directions of the

rays of light are not the same to a spectator in motion as to

one at rest. As the estimation of its effect belongs to

uranography, we must explain it here, though, in so doing,

we must anticipate some of the results to be detailed in

subsequent chapters.

(329.) Suppose a shower of rain to fall perpendicularly in a
dead calm ; a person exposed to the shower, who should stand
quite still and upright, would receive the drops on his hat,

which would thus shelter him, but if he ran forward in any
direction they would strike him in the face. The efi'ect

would be the same as if he remained still, and a wind should
arise of the same velocity, and drift them against him.
Suppose a ball let fall from a point A above a horizontal line

E F, and that at B were placed to receive it the open mouth
of an inclined hollow tube P Q ; if the tube were held im-

Oa

moveable the ball would strike on its lower side, but if the
tube were carried forward in the direction EF, with a
velocity properly adjusted at every instant to that of the ball,
"•"f^^^^Q preserving its inclination to the horizon, so that when
the bull in its natural descent reached C, the tube should
have been carried into the position R S, it is evident that the

P 2
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ball woukl, throughout its whole descent, be found in the

axis of the tube ; and a spectator referring to the tube the

motion of the ball, and carried along with the former, uncon-

scious of its motion, would fancy that the ball had been

moving in the inclined direction E S of the tube's axis.

(330.) Our eyes and telescopes are such tubes. In what-

ever manner we consider light, whether as an advancing

wave in a motionless ether, or a shower of atoms traversing

space, (provided that in both cases we regaxd it as absolutely

incapable of suffering resistance or corporeal obstruction from

the particles of transparent media traversed by it*,) if in the

interval between the rays traversing the object glass of the

one or the cornea of the other {at which movient they acquire

that convergence which directs them to a certain point infixed

space), and their arrival at their focus, the cross wires of the

one or the retina of the other be slipped aside, the point of

convergence (which remains unchanged) will no longer cor-

respond to the intersection of the wires or the central point

of our visual area. The object then wiU appear displaced
;
and

the amount of this displacement is aberration.

(331.) The earth is moving through space with a velocity

of about 19 miles per second, in an elliptic path round the

sun, and is therefore changing the direction of its motion at

every instant. Light travels with a velocity of 192,000

miles per second, which, although much greater than that of

the earth, is yet not infiiiitely so. Time is occupied by it m

traversing any space, and in that time the earth describes a

space which is to the former as 19 to 192,000, or the

tangent of 20-5 to radius. Suppose now A P S to represent

a r^y of light from a star at A, and let the tube P Q be that

of a telescope so inclined forward that the focus formed by

* This condition is indispensable. Without it we fall into all those diffi-

, • v.- 1 iM rinnnlpr has SO Well DO ntcd out in his paper on Aberration

rA!:h::d^^- "''-^^^^ eesillschaft der Wissen.chaften Folge V.
(Abh.inmu.ve

^^^^ luminiferous ether, be corporeal, tlie condition

^ •

l"l n nrnounts to a formal surrender of the dogma, either of the extension

Ihe impen UaSitv of matter ; at least in the sense in which those terms

^ , opn X to used by metaphysicians. At the point to which science is

'ri^edTJrlS -ill be found' disposed to .uintain either the one or the

other.
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its object glass shall be received upon its cross wire, it is

evident from what has been said, that the inclination of the

tube must be such as to make PS: S Q : : velocity of light

:

velocity of the earth : : 1 : tan. 20" -5 ; and, therefore, the

angle S P Q, or P S E, by which the axis of the telescope

must deviate from the true direction of the star, must be
20"-5.

(332.) A similar reasoning will hold good when the direc-

tion of the earth's motion is not perpendicular to the visual

ray. If S B be the true direction of the visual ray, and A C
the position in which the telescope

requires to be held in the apparent

direction, we must still have the pro-

portion B C : B A : : velocity of

light : velocity of the earth : : rad. :

sine of 20"-5 (for in such small angles

it matters not whether we use the

sines or tangents). But we have, also, ' by trigonometry,
B C

:
BA :

:
sine ofB A C : sine ofA C B or C B P, AvHch last

is the apparent displacement caused by aberration. Thus it

appears that the sine of the aberration, or (since the angle is

extremely small) the aberration itself, is proportional to the
sine of the angle made by the earth's motion in space with
the visual ray, and is therefore a maximum when the line of
sight is perpendicular to the direction of the earth's motion.

^

(333.) The uranographical effect of aberration, then, is to
distort the aspect of the heavens, causing all the stars to
crowd as it were directly towards that point in the heavens
which is the vanishing point of all lines parallel to that in
which the earth is for the moment moving. As the earth
moves round the sun in the plane of the ecliptic, this point
must lie in that plane, 90° in advance of the earth's longitude,
or 90° behind the sun's, and shifts of course continually, de-
scnbmg the circumference of the ecliptic in a year. It is easy
to demonstrate that the effect on each particular star will be
to make It apparently describe a small ellipse in the heavens,
liavmg for its centre the point in which the star would be
Been il the earth were at rest.
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(334.) Abenation then affects the apparent right aficen-

rions and declinations of all the stars, and that bj q"-"'-

easily calcnlable. The formnto most convement for that

Zpose, and which, systematically emhracm? at the same

i,ne.h corrections for precession and nutafon, enable he

observer, with the utmost readiness, to drsencu.ber ns

observations of ngU ascension and "i;-*-*""
^

fluence, have been constructed by Prof. Bessel, and tabula ed

ta th Ipendix to the first volume of the Transactrons of the

Ilniiieal Society, where they will be found accompamed

with an extensive catalogue of the places, for 1830, ol the

works of the kind which has ever appeared.

(335 ) When thebodyfrom which the visual ray emanatesis

itself in motion, an effect arises which is not properly speakmg

abtLion, though it is usually treated

in astronomical books, and indeed "^f-^Yof't stlnt
TO-oduction of some confusion in the mmd of the student.

The effect in question (which is independent of any
theoret.ca

!^ews respectlg the nature of llghf) may be explamed as

Xvs The ray by which we see any object ,s net ha

liT t emitsat the Lment we lookat it,

^m emit some time before, the tune o-Fed^by "ght m

„c°cupied by the body at tU ^^^^ '^^ ^J

is, however, a minute ^

.''^'^'^^"'=,?Xt takes place with equal velocity m all dircc-

d;ctrine, the I'-'Pf 'S'^est o n motion. In the corpuscular, w.th

tions, whether f'^.^'7'" ^te^on of the motion over that in the con rary

an excess ol
-'^\"='*y;"'';\rthe body's motion. In the cases, then of a body

equal to twice t'><=,^''^'°2v°
i ,ctlv to and directW from the earth, the aherra-

Zvlng with '^n-''';'^'"
L ; y, but different on the corpuscular hypotheMs^

^""^-"^"^I'SZ^M cJ^^^^^e iVom this cause in our syst.n cannot

:^:u:ut:^bo:;rU.ousandthsofaseco^^^



EQUATION OF LIGHT. 215

of a moving object. From the known laws of its motion and

the earth^s, calculate its apparent or relative angular motion in

the time taken by light to traverse its distance from the earth.

This is the total amount of its apparent misplacement. Its

effect is to displace the body observed in a direction contrary

to its apparent motion in the heavens. And it is a compound

or aggregate effect consisting of two parts, one of which is

the aberration, properly so called, resulting from the composi-

tion of the earth's motion with that of liffht, the other beins:

what is not inaptly termed the Equation of light, being the

allowance to be made for the time occupied by the light in

traversing a variable space.

(336.) The complete Reduction, as it is called, of an astro-

nomical observation consists in applying to the place of the

observed heavenly body as read off on the instruments (sup-

posed perfect and in perfect adjustment) five distinct and
independent corrections, viz. those for refraction, parallax,

aberration, precession, and nutation. Of these the correc-

tion ' for refraction enables us to declare what would have
been the observed place, were there no atmosphere to

displace it. That for parallax enables us to say from its

place observed at the surface of the earth, where it would
have been seen if observed from the centre. That for aberra-

tion, where it would have been observed from a motionless,

instead of a moving station : while the corrections for pre-

cession and nutation refer it to fixed and determinate instead

of constantly varying celestial circles. The great importance
of these corrections, which pervade all astronomy, and have
to be applied to every observation before it can be employed
for any practical or theoretical purpose, renders this recapitu-

lation far from superfluous.

(337.) Eefraction has been already sufficiently explained.
Art. 40. and it is only, therefore, necessary here to add that
m Its use as an astronomical correction its amount must be
applied in a contrary sense to that in which it affects the
observation

; a remark equally applicable to all other cor-
rections.

(338.) The general nature of parallax or rather of paral-
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lactic motion has also been explained in Art. 80. But

parallax in the uranographical sense of the word has a more

technical meaning. It is understood to express that optical

displacement of a body observed which is due to its being

observed, not from that point which we have fixed upon as a

conventional central station (from which we conceive the

apparent motion would be more simple in its laws), but from

some other station remote from such conventional centre
:
not

from the centre of the earth, for instance, but from its sur-

face : not from the centre of the sun (which, as we shall

hereafter see, is for some purposes a preferable conventional

station), but from that of the earth. In the former case

this optical displacement is called the diurnal or geocentric

parallax ; in the latter the annual or heliocentric. In either

case parallax is the correction to be applied to the apparent

place of the heavenly body, as actuaUy seen from the station

of observation, to reduce it to its place as it would have been

seen at that instant from the conventional station.

(339 ) The diurnal or geocentric parallax at any place ot

the earth's surface is easily calculated if we know the distance

of the body, and, vice versa, if we know the diurnal parallax

that distance may be calculated. For supposing S the object,

C the centre of the earth,

A the station of observation

at its surface, and C A Z

the direction of a perpen-

dicular to the surface at A,

then will the object be seen

from A in the direction A S,

and its apparent zenith dis-

tance will be Z A S

;

whereas, if seen from the

centre, it will appear in the

direction C S, with an an-

gular distance from the

zenith of A equal to ZC S;
. ^

so that ZAS-ZCS or ASC is the parallax^

since by trigonometry C S : C A :: sm C A S = sm
Now
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Z A S : sin A S C, it follows that the sine of the parallax

Radius of earth rr a q—=— X sm Zi A b.
Distance oi bodj

(340.) The diurnal or geocentric parallax, therefore, at a

given place, and for a given distance of the body observed,

is proportional to the sine of its apparent zenith distance, and

is, therefore, the greatest when the body is observed in the

act of rising or setting, in which case its parallax is called

its horizontal parallax, so that at any other zenith distance,

parallax = horizontal parallax x sine of apparent zenith

distance, and since A C S is always less than Z A S it appears

that the application of the reduction or correction for parallax

always acts in diminution of the apparent zenith distance or

increase of the apparent altitude or distance from the Nadir,

i. e. in a contrary sense to that for refraction.

(341.) In precisely the same manner as the geocentric or

diurnal parallax refers itself to the zenith of the observer

for its direction and quantitative rule, so the heliocentric or

annual parallax refers itself for its law to the point in the

heavens diametrically opposite to the place of the sun as seen

from the earth. Applied as a correction, its effect takes place in

a plane passing through the sun, the earth, and the observed

body. Its effect is always to decrease its observed distance

from that point or to increase its angular distance from the

sun. And its sine is given by the relation. Distance of the

observed body from the sun : distance of the earth from the

sun : : sine of apparent angular distance of the body from
the sun (or its apparent elongation) : sine of heliocentric

parallax. *

(342.) On a summary view of the whole of the urano-

graphical corrections, they divide themselves into two classes,

those which do, and those which do not, alter the apparent

configurations of the heavenly bodies inter se. The former
are real, the latter technical corrections. The real corrections
are refraction, aberration and parallax. The technical are

^"'s account of the law of heliocentric parallax is in anticipation of what
loiiows m a subsequent chapter, and will be better understood by the studentwhen somewhat farther advanced.
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precession and nutation, unless, indeed, we choose to consider

parallax as a technical correction introduced with a view to

simplification by a better choice of our point of sight.

(343.) The corrections of the first of these classes have

one peculiarity in respect of their law, common to them all,

which the student of practical astronomy wiU do well to fix

in his memory. They all refer themselves to definite apexes

or points of corivergence in the sphere. Thus, refraction m its

apparent effect causes all celestial objects to draw together or

converge towards the zenith of the observer : geocentric pa-

rallax, towards his Nadir : heliocentric, towards the place of

the sun in the heavens : aberration towards that point in the

celestial sphere which is the vanishing point of all lines pa-

rallel to the direction of the earth's motion at the moment, or

(as will be hereafter explained) towards a point in the great

circle called the ecliptic, 90° behind the sun's place in that

circle. When applied as corrections to an observation, these

directions are of course to be reversed.

(344.) In the quantitative law, too, which this class of cor-

rections follow, a like agreement takes place, at least as

regards the geocentric and heliocentric parallax and aberra-

tion, in all three of which the amount of the correction (or

more strictly its sine) increases in the direct proportion of the

sine of the apparent distance of the observed body from the apex

appropriate to the particular correction in question. In the

case of refraction the law is less simple, agreeing more nearly

with the tangent than the sine of that distance, but agreemg

with the others in placing the maximum at 90° from its apex.

(345.) As respects the order in which these corrections are

to be applied to any observation, it is as follows: 1. Refraction

;

2. Aberration; 3. Geocentric Parallax; 4. Heliocentric Pa-

rallax ; 5. Nutation ; 6. Precession. Such, at least, is the

order in theoretical strictness. But as the amount of aberra-

tion and nutation is in all cases a very minute quantity, it

matters not in what order they are applied ; so that for prac-

tical convenience they are always thrown together with the

precession, and applied after the others.
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CHAPTER VL

or THE sun's motion and physical constitution.

APPARENT MOTION OF THE SUN NOT UNIFORM-. ITS APPARENT

DIAMETER ALSO VARIABLE.—VARIATION OF ITS DISTANCE CON-

CLUDED. ITS APPARENT ORBIT AN ELLIPSE ABOUT THE FOCUS.

LAW OF THE ANGULAR VELOCITY. EQUABLE DESCRIPTION

OF AREAS.—PARALLAX OF THE SUN. ITS DISTANCE AND MAG-

NITUDE. COPERNICAN EXPLANATION OF THE SUn's APPARENT

MOTION.'—PARALLELISM OF THE EARTH'S AXIS. THE SEASONS.

— HEAT RECEIVED FROM THE SUN IN DIFFERENT PARTS OF THE

ORBIT. EFFECT OF EXCENTRICITY OF THE ORBIT AND POSITION

OF ITS AXIS ON CLIMATE. — MEAN AND TRUE LONGITUDES OF THE

SUN. EQUATION OF THE CENTRE,— SIDEREAL, TROPICAL, AND

ANOMALISTIC TEARS.— PHYSICAL CONSTITUTION OF THE SUN.

ITS SPOTS. FACUL^. PROBABLE NATURE AND CAUSE OF THE

SPOTS.—RECENT DISCOVERIES OF MR. DAWES.—OP MR. NASMTTH.

ROTATION OF THE SUN ON ITS AXIS.—ITS ATMOSPHERE. SUP-

POSED CLOUDS.—PERIODICAL RECURRENCE OF A MORE AND LESS

SPOTTED STATE OP ITS SURFACE.—TEMPERATURE OF ITS SURFACE.

—ITS EXPENDITURE OP HEAT PROBABLE CAUSE OF SOLAR

RADIATION.

(346.) In the foregoing chapters, it has been shoAvn that the

apparent path of the sun is a great circle of the sphere, which

it performs in a period of one sidereal year. From this it

follows, that the line joining the earth and sun lies constantly

in one plane ; and that, therefore, whatever be the real motion

from which this apparent motion arises, it must be confined

to one plane, which is called the plane of the ecliptic.

(347.) We have already seen (art. 146.) that the sun's

motion in right ascension among the stars is not uniform.

This is partly accounted for by the obliquity of the ecliptic,

in consequence of which equal variations in longitude do not

correspond to equal changes of right ascension. But if we
observe the place of the sun daily throughout the year, by
the transit and circle, and from these calculate the longitude

for each day, it will still be found that, even in its own pro^jer
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path, its apparent angular motion is far from uniform. The

change of longitude in twenty-four mean solar hours averages

0° 59' 8"'33
; but about the 31st of December it amounts to

1° 1' 9"-9, and about the 1st of July is only 0° 57' ll"-5.

Such are the extreme limits, and such the mean value of the

sun's apparent angular velocity in its annual orbit.

(348.) This variation of its angular velocity is accompanied

with a corresponding change of its distance from us. The

change of distance is recognized by a variation observed to

take place in its apparent diameter, when measured at differ-

ent seasons of the year, with an instrument adapted for that

purpose, called the heliometer*, or, by calculating from the

time which its disc takes to traverse the meridian in the

transit instrument. The greatest apparent diameter corre-

sponds to the 1st of January, or to the greatest angular

velocity, and measures 32' 36 "-2, the least is 31' 32"-0
;
and

corresponds to the 1st of July; at which epochs, as we have

seen, the angular motion is also at its extreme limit either

way. Now, as we cannot suppose the sun to alter its real

size periodically, the observed change, of its apparent size can

only arise from an actual change of distance. And the

sines or tangents of such small arcs being proportional to

the arcs themselves, its distances from us, at the above-named

epoch, must be in the inverse propoi-tion of the apparent

diameters. It appears, therefore, that the greatest, the

mean, and the least distances of the sun from us are in the

respective proportions of the numbers 1-01679, l-OOOOO, and

0-98321; and that its apparent angular velocity diminishes

as the distance increases, and vice versa.

(349.) It follows from this, that the real orbit of the sun,

as referred to the earth supposed at rest, is not a circle with

the earth in the centre. The situation of the earth within it

is excentric, the excentricitij amounting to 0-01679 of the

mean distance, which may be regarded as our unit of measure

in this inquiry. But besides this, the form of the orbit is

not circular, but elliptic. If from any point 0, taken to

represent the earth, we draw a line, 0 A, in some fixed

• 'HAtos the sun, and fierpeiv to measure.
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direction, from which we then set off a series of angles,

A O B, A 0 C, &c. equal to the observed longitudes of the

sun throughout the year, and in

these respective directions mea-

sure off from 0 the distances

O A, 0 B, 0 C, &c. representing

the distances deduced from the

observed diameter, and then con-

nect all the extremities A, B, C,

&c. of these lines by a continuous curve, it is evident this will

be a correct representation of the relative orbit of the sun about

the earth. Now, when this is done, a deviation from the cir-

cular figure in the resulting curve becomes apparent ; it is found

to be evidently longer than it is broad— that is to say, ellip-

tic, and the point 0 to occupy, not the centre, but one of the
foci of the ellipse. The graphical process here described is

sufficient to point out the general figure of the curve in ques-
tion

; but for the purposes of exact verification, it is necessarj

to recur to the properties of the ellipse *, and to express the

distance of any one of its points in terms of the angular situ-

ation of that point with respect to the longer axis, or diameter
of the ellipse. This, however, is readily done; and when nu-
merically calculated, on the supposition of the excentricity

being such as above stated, a perfect coincidence is found to

subsist between the distances thus computed, and those de-
rived from the measurement of the apparent diameter.

(350.) The mean distance of the earth and sun being taken
for unity, the extremes are 1-01679 and 0-{)8321. But if we
compare, in like manner, the mean or average angular velocity
•with the extremes, greatest and least, we shall find these to
be in the proportions of 1-03386, 1-00000, and 0-96670.
The variation of the sun's angular velocity, then, is much
greater in proportion than that of its distance— fully twice
as great

; and if we examine its numerical expressions at dif-
ferent periods, comparing them with the mean value, and also
with the corresponding distances, it will be found, that, by

n.lfr by the Rev. H. P. Hamilton, or anv other of (he verynumerous works on this subject. ' "
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whatever fraction of its mean value the distance exceeds the

mean, the angular velocity will fall short of its mean or average

quantity by very nearly timce as great a fraction of the latter,

and vice versa. Hence we are led to conclude that the anrjular

velocity is in the inverse proportion, not of the distance simply,

but of its square; so that, to compare the daily motion m
longitude of the sun, at one point. A, of its path, with that

at B, we must state the proportion thus :
—

O : O :: daily motion at A : daily motion at B.

And this is found to be exactly verified in every part of the

orbit.

(351.) Hence we deduce another remarkable conclusion—
viz. that if the sun be supposed reaUy to move around the

circumference of this ellipse, its actual speed cannot be uni-

form, but must be greatest at its least distance and less at its

greatest. For, were it uniform, the apparent angular velocity

would be, of course, inversely proportional to the distance

:

simply because the same linear change of place, being produced

in the same time at different distances from the eye, must,

by the laws of perspective, correspond to apparent angular

displacements inversely as those distances. Since, then,

observation indicates a more rapid law of variation m the

ano-ular velocities, it is evident that mere change of distance,

unaccompanied with a change of actual speed, is msufficient

to account for it ; and that the increased proximity of the sun

to the earth must be accompanied with an actual increase ot

its real velocity of motion along its path.

(352 ) This elliptic form of the sun's path, the excentnc

position of the earth within it, and the unequal speed with

which it is actually traversed by the sun itself, all tend to

render the calculation of its longitude from theory (z. .^
from

a knowledge of the causes and nature of its motion) difficult

;

and indeed impossible, so long as the law of its actual velocity

continues unknown. This Imo, however, is not immediately

apparent. It does not come forward, as it were, and present

itself at once, like the elliptic form of the orbit, by a direct

comparison of angles and distances, but requires an attentive

cousideratiou of the whole series of observations rcgistei^d
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during an entire period. It was not, therefore, without much
painful and laborious calculation, that it was discovered by-

Kepler (who was also the first to ascertain the elliptic form
of the orbit), and announced in the following terms:— Let a

line be always supposed to connect the sun, supposed in

motion, with the earth, supposed at rest
; then, as the sun

moves along its ellipse, this line (which is called in astronomy
the radius vector) will describe or sweep over that portion of
the whole area or surface of the ellipse which is included

between its consecutive positions : and the motion of the sun
will be such that equal areas are thus swept over by the re-

volving radius vector in equal times, in whatever part of the
circumference of the ellipse the sun may be moving.

(353.) From this it necessarily follows, that in WHcqual
times, the areas described must be proportional to the times.

Thus, in the figure of art. 349. the time in which the sun
moves from A to B, is to the time in which it moves from C
to D, as the area of the elliptic sector A 0 B is to the area
of the sector DOC.

(354.) The circumstances of the isun's apparent annual
motion may, therefore, be summed up as follows : — It is

performed in an orbit lying in one plane passing through the
earth's centre, called the plane of the ecliptic, and whose pro-
jection on the heavens is the great circle so called. In this

plane its motion is from west to east, or to a spectator look-
ing down on the plane of the ellij)tic from the northern side,

in a direction the reverse of that of the hands of a watch
laid face uppermost. In this plane, however, the actual
path is not circular, but elliptical

; having the earth, not in

its center, but in one focus. The excentricity of this ellipse

18 0-01679, in parts of a unit equal to the mean distance, or
half the longer diameter of the ellipse ; i. e. about one sixtieth
part of that semi-diameter ; and the motion of the sun in its

circumference is so regulated, that equal areas of the ellipse
are passed over by the radius vector in equal times.

(355.) What we have here stated supposes no knowledge
of the sun's actual distance from the earth, nor, consequently,
of the actual dimensions of its orbit, nor of the body of the
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sun itself. To come to any conclusions on these points, we

must first consider by what means we can arrive at any

knowledo-e of the distance of an object to winch we have no

access. Now, it is obvious, that its parallax alone can afford

„s any information on this subject. Suppose ? ^
^ ^

represent the earth, C its centre, and S the sun, and A, B

two situations of a spectator, or, which comes to the same

thing, the stations of two spectators, both o^-^S

S at the same instant. The spectator A wall see _xt m the

direction A S., and will refer it to a pomt . m ^^^f^'^l
distant sphere of the fixed stars, whde the ^P-^ator B

see it in the direction B S h, and refer xt to 5. The ang e

included between these directions or the—
^^^^^^^^^

celestial arc a h, by which it is displaced, e^^^l to he a^S-

two paUaxes. Suppose, then two

nortiern, the other in the southern l^^^Pl'^-"'

on the s.ne meridian, to observe^^^^f^ZtZ
altitudes of .t^

^Zi°l..n of the effects of

SonHrtdi—f the sun were e,ual to that of the

Tl7,Ll the sum of the zenith distances thus found wou d

£i 3y qu^ "> *e of the latitudes north and south

I' tCnhees of observation. For the sum in quesfon would

e! he to the an,le Z C X. .hich is *e me^d.ona

+hp stations across the equator. But tne cue

'of Panax be;;t both .ases to increase the apparent .en.th
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distances, their observed sum will be greater than the sum
of the latitudes, by the sum of the two parallaxes, or by the
angle A S B. This angle, then, is obtained by subducting
the sum of the north and south latitudes from that of the
zenith distances: and this once determined, the horizontal
parallax is easily found, by dividing the angle so determined
by the sum of the sines of the two latitudes.

(356.) If the two stations be not exactly on the same
meridian (a condition very difficult to fulfil), the same process
will apply, if we take care to allow for the change of the sun's
actual zenith distance in the interval of time elapsing between
its arrival on the meridians of the stations. This change is
readily ascertained, either from tables of the sun's motion,
grounded on the experience of a long course of observations^
or by actual observation of its meridional altitude on several
days before and after that on which the observations for
paraUax are taken. Of course, the nearer the stations are to
each other in longitude, the less is this interval of time, and,
consequently, the smaller the amount of this correction; and,'
therefore, the less injurious to the accuracy of the final result
IS any uncertainty in the daily change of zenith distance
which may arise from imperfection in the solar tables, or in
the observations made to determine it.

(357.) The horizontal parallax of the sun has been con-
cluded from observations of the nature above described, per-
formed in stations the most remote from each other in latitude,
at which observatories have been instituted. It has also been
deduced from other methods of a more refined nature, and
susceptible of much greater exactness, to be hereafter de-
scribed. Its amount so obtained, is about 8"-6. Minute as
this quantity is, there can be no doubt that it is a tolerably
correct approximation to the truth; and in conformity with it,
we must admit the sun to be situated at a mean distance
trom us, of no less than 23984 times the length of the
earths radius, or about 95000000 miles. [See Note F.]

(358.) That at so vast a distance the sun should ai)pear to
Uflot the size it does, and should so powerfully influence our
condition by its heat and light, requires us to form a very

Q
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.rand conception of its actual magnitude, and of the scale on

which those important processes are earned on withm it, by

which it is enabled to keep up its liberal and unceasmg supply

of these elements. As to its actual magnitude we can be at

no loss, knowing its distance, and the angles under which its

diametlr appear! to us. An object, placed at the dist^^^^^^^^

95000000 miles, and subtenchng an angle of 32 1 ,
must have

a real diameter of 882000 miles. Such, then, -^he diameter of

this stupendous globe. If we compare it with what we have

already ascertained of the dimensions of our own, we shall

find that in linear magnitude it exceeds the earth in the pio-

portion IIH to 1, and in bulk in that of 1384472 to 1.

(359 ) It is hardly possible to avoid associating our con-

ce Uon of an object of definite globular figure, and of such

enormous dimensions, with some corresponding attiibute o

"Weness and material solidity. That the sun is not a

r:;hantom, but a body haying its own pe-Lar—

e

and economy, our telescopes distinctly inform us. They show

ifda:k ;o£ on its sur^ce, which slowly change the. p ace

nnd forms and by attending to whose situation, at ditterent

^11 have ascertained that the sun revolves

Tout an axis nearly perpendicular to the p ane of^^

anaiugj^ vv^"
„ the o-reater dimensions oi

movement only corresponding ^Mth the « eat

Iht irbecomes difficult to conceive its cu-culation round
weight. It

^ . ^1,, earth, without, on the

:^t^^^t displacingit, if bound to it

one hand, dra „
^

o
^^^^ ^^^^^ to

r r If we connect two soM masses by a rod, and flmg

Sift' wTs:: them circulate about a point between them.
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which is their common centre of gravity ; but if one of them
be greatly more ponderous than the other, this common centre
will be proportionally nearer to that one, and even within its

surface
;
so that the smaller one will circulate, in fact, about

the larger, which will be comparatively but little disturbed
from its place.

(360.) "Whether the earth move round the sun, the sun
round the earth, or both round their common centre of
gravity, will make no difference, so far as appearances are
concerned, provided the stars be supposed sufficiently distant
to undergo no sensible apparent parallactic displacement by
the motion so attributed to the earth. Whether they are so
or not must still be a matter of enquiry; and from the absence
of any measureable amount of such displacement, we can con-
clude nothing but this, that the scale of the sidereal universe
IS so great, that the mutual orbit of the earth and sun may
be regarded as an imperceptible point in comparison with the
distance of its nearest members. Admitting, then, in con-
formity with the laws of dynamics, that two bodies connected
with and revolving about each other in free space do, in fact
revolve about their common centre of gravity, which remains

:
immoveable by their mutual action, it becomes a matter of
lurther enquiry, whereabouts between them this centre is

:
situated. Mechanics teach us that its place will divide their

1
mutual distance in the inverse ratio of their weights or
amasses*; and calculations grounded on phenomena, of which
;
an account will be given further on, inform us that this ratio,

1
in the case of the sun and earth, is actually that of 354936
ttol,— the sun being, in that proportion, more ponderous
• than the earth. From this it will follow that the common
point about which they both circulate is only 267 miles from
the sun's centre, or about ^^Voth part of its own diameter.

C'ibl.) Henceforward, then, in conformity with the above
statements, and with the Copernican view of our system, wemust learn to look upon the sun as the comparatively motion-
less centre about which the earth performs an annual elliptic

'

.orbit of the dimensions and excentricity, and with a velocity,

• Principia, lib. i. lex. iii. cor. 14.
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„„nln.oa accorclm» to the law above assigaed; the sun

y ng ne f tl^ fo=i ot the ellipse, and fro. that staUoa

rretl^ dUse^inating oc all sides its Ught ^^^^^
the earth travelling round it, and presentmg Aelf differently

o it at different S.es of the year -"^-.P-^
^^f,

the varieties of day and night, summer
'J*"*

r„^+ •^'^4- ^ bein"- from west to east,

enjoy; its motion (art. 354.) be^«n
^^.^

(362.) In this annual motion ot the eartn, i

itself, and poinUng aUvays to * ^"^^ '^ .=J ^se to

the sphere of the fixed stars. Th.s
^
- S

*"S^e~rrras"hierJu\e presently e.-

we shall neglect (,iui c

c„nD0se it a circle,

uniform.

(363.) Let, then, S represent "-.^^ ^'i^ ha;

four positions of the earth rn rts ^0
^f^''J,;^, ,„ the

xvhioh it has at the
'-»»«"n^lttie B G with that of

iuterseetion of the plane of *e » » J
the equator F E, B that wluch it

^^^l^^^l^ ISO'
1 +w nv qn° of lon<yitude m advance ot A, ^,

subsequently oi 90 ot ion
^ position?

and D, 270° in advance ot A. in eacu v

'

. The figure by a n,istake of the engraver is inverted ^j_gl^t «nd^left, - th«

-£t;:r=-3rr::^^
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let P Q represent the axis of the earth, about which its

diurnal rotation is performed without interfering with its

annual motion in its orbit. Then, since the sun can only

enliorhten one half of the surface at once, viz. that turned

towards it, the shaded portions of the globe in its several

j)ositions will represent the dark, and. the bright, the en-

lightened halves of the earth's surface in these positions.

iS^ow, 1st, in the position A, the sun is vertically over the

intersection of the equinoctial F E and the ecliptic H G. It

is, therefore, in the vernal equinox ; and in this position the

poles P, Q, both fall on the extreme confines of the en-

lightened side. In this position, therefore, it is day over

half the northern and half the southern hemisphere at once

;

and as the earth revolves on its axis, every point of its sur-

face describes half its diurnal course in light, and half in

darkness ; in other words, the duration of day and night is

here equal over the whole globe : hence the term equinox.

The same holds good at the autumnal equinox on the posi-

tion C.

(364.) B is the position of the earth at the time of the

northern summer solstice. (See art. 389.) Here the north

pole P, and a considerable poi'tion of the earth's surface in

its neighbourhood, as far as B, are situated loithin the en-

lightened half. As the earth turns on its axis in this position,

therefore, the whole of that part remains constantly en-

lightened
; therefore, at this point of its orbit, or at this

season of the year, it is continual day at the north pole, and
in all that region of the earth which encircles this pole as far

as B— that is, to the distance of 23° 21' 30'' from the pole,

or within what is called in geography the arctic circle. On
tlie other hand, the opposite or south pole Q, with all the

region comprised within the antarctic circle, as far as 23° 27'

30 from the south pole, are immersed at this season in dark-
ness during the entire diurnal rotation, so that it is here con-
tinual night.

(365.) With regard to that portion of the surface compre-
hended between the arctic and antarctic circles, it is no less

evident tliat the nearer any point is to the north pole, the
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larger will be the portion of its diurnal course comprised

within the bright, and the smaller within the dark hemi-

sphere ; that is to say, the longer will be its day, and the

shorter its night. Every station north of the equator will

have a day of more and a night of less than twelve hours'

duration, and vice versa. All these phsenomena are exactly

inverted when the earth comes to the opposite point D of its

orbit.

(366.) Now, the temperature of any part of the earth's

surface depends mainly on its exposure to the sun's rays.

Whenever the sun is above the horizon of any place, that

place is receiving heat ; when below, parting with it, by the

process called radiation; and the whole quantities received and

parted with in the year (secondary causes apart) must balance

each other at every station, or the equilibrium of temperatiu-e

(that is to say, the constancy which is observed to prevail m
the annual averages of temperature as indicated by the

thermometer) would not be supported. Whenever, then,

the sun remains more than twelve houre above the horizon of

any place, and less beneath, the general temperature of that

place wiU be above the average ; when the reverse, below.

the earth, then, moves from A to B, the days growing

loncrer, and the nights shorter in the northern hemisphere,

the'temperature of every part of that hemisphere increases,

and we pass from spring to summer; while, at the same

time, the reverse obtains in the southern hemisphere. As the

earth passes from B to C, the days and nights again approach

to equality-the excess of temperature in the northern

hemisphere above the mean state grows less, as well as its

defect in the southern ; and at the autumnal equmox C, the

mean state is once more attained. From thence to D, and,

finally, round again to A, all the same pha3nomena, it is

obvious, must again occur, but reversed,- it bemg now

winter in the northern and summer in the southern hemi-

^^^36^7
) All this is consonant to observed fact. The con-

tinual day within the polar circles in summer, and night m

winter, the general increase of temperature and lengtli ot
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day as the sun approaches the elevated pole, and the reversal

of the seasons in the northern and southern hemispheres, are

aU facts too well known to require further comment. The

positions A, C of the earth correspond, as we have said, to

the equinoxes ; those at B, D to the solstices. This term

must be explained. If, at any point, X, of the orbit, we

draw X P the earth's axis, and X S to the sun, it is evident

that the angle P X S will be the sun's polar distance. Now,

this angle is at its maximum in the position D, and at its mi-

nimum at B: being in the former case= 90° + 23° 28'= 113°

28', and in the latter 90° -23° 28'= 66° 32'. At these

points the sun ceases to approach to or to recede from the

pole, and hence the name solstice.

(368 a.) Let us next consider how these phenomena are

modified by the ellipticity of the earth's orbit and the posi-

tion of its longer axis with respect to the line of the solstices.

This ellipticity (art, 350.) is about one sixtieth of the mean

distance, so that the sun, at its greatest proximity is about

one thirtieth of its mean distance nearer us than when most

remote. Since light and heat are equally dispersed from the

sun in all directions, and are spread, in diverging, over the

surface of a sphere enlarging as they recede from the center,

they must diminish in intensity according to the inverse pro-

portion of the surfaces over which they are spread, i. e. in

the inverse ratio of the squares of the distances. Hence the

hemisphere opposed to the sun will receive in a given time,

when nearest, two thirtieths or one fifteenth more heat and

light than when most remote, as may be shown by an easy

calculation.* Now, the sun's longitude when at its least dis-

tance from the earth (at which time it is said to be in perigee

j
and the earth in its perihelion f) is at present 280° 28' in

which position it is on the 1st of January, or eleven days

after the time of the winter solstice of the northern hemi-

sphere
; or, which is the same thing, the summer solstice of

the soutliern (art. 364,), while on the other hand the sun is

most remote (in apogee or the earth in its aphelion X), wlien

•
(5^)*=(§i)' very nearly, =(^4)2= §6j

=gB very nearly, =|?.
(• Ttepi, about or in the neiglibourlioyd of; yv, the earth ; ViKios, the sun.

t aro. awav from.
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in longitude 100° 28' or on the 2nd of July, i. e. eleven

days after the epoch of the northern summer or southern

winter solstice. We shall suppose, however, for simplicity of

explanation, the perigee and apogee to be coincident with

the solstice. At and about the southern summer solstice

then, the whole earth is receiving per diem the greatest

amount of heat that it can receive, and of this the southern

hemisphere receives the larger share, because its pole and the

whole region within the antarctic circle is in perpetual sun-

shine, while the corresponding northern regions He in shadow.

On the other hand, at and about the northern summer solstice,

althouo-h it is true that the reverse conditions as to the

reo-ions illuminated prevail, yet the whole earth is then re-

cety'mg per diem less heat owing to the sun's remoteness: so

that on the whole if the seasons icere of equal duration, or in

other words, if the angular movement of the earth in its

elliptic orbit were uniform, the southern hemisphere wou d

receive more heat per annum than the northern, and would

consequently have a warmer mean temperature.

(368 5. ) Such, however, is not the case. The angular ye-

locity of the earth in its orbit, as we have seen (art. 350.), is

not uniform, but varies in the inverse ratio of the square ot

the sun's distance, that is, in the same precise ratio as his

heating power. The momentary supply of heat then re-

ceived by the earth in every point of its orbit varies exactly

as the momentary increase of its longitude, from which i

obviously follows, that equal amounts of heat are received

from the sun in passing over equal angles round it, m what-

ever part of the ellipse those angles may be situated, bup-

posing the orbit, then, to be divided into two segments by any

straight line drawn through the sun, since equa angles m Ion.

o-itude (180°) are described on either side of this hne, the

amount of heat received will be equal. In passing then from

either equinox to the other, the whole earth receives equal

amount of heat, the inequality in the intensities of solar ra-

diation in the two intervals being precisely compensated by

the opposite inequality in the duration of the intervals them-
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selves; wHch amounts to about 7^ days, by which the

northern spring and summer are together longer than the

southern. For these intervals are to each other in the pro-

portion of the two unequal segments of the whole ellipse into

which the line of the equinoxes divides it. (See art. 353.)

(368 c.) In what regards the comfort of a climate and the

character of its vegetation, the intensity of a summer is

more naturally estimated by the temperature of its hottest

day, and that of a winter by its sharpest frosts, than by the

mere durations of those seasons and their total amount of heat.

Supposing the excentricity of the earth's orbit were very

much greater than it actually is ; the position of its perihe-

lion remaining the same ; it is evident that the characters of

the seasons in the two hemispheres woidd be strongly con-

trasted. In the northern, we should have a short but very

mild winter with a long but very cool summer— i. e. an ap-

proach to perpetual spring ; while the southern hemisphere

would be inconvenienced and might be rendered uninhabitable

by the fierce extremes caused by concentrating half the annual

supply of heat into a summer of very short duration and

spreading the other half over a long and dreary winter,

sharpened to an intolerable intensity of frost when at its cli-

max by the much greater remoteness of the sun.

(369.) As it is, the difference, except under peculiar cir-

cumstances, is not very striking, being masked to a certain

extent by the action of another very influential cause to be

explained in (art. 370.). This does not prevent, however,

the direct impression of the solar heat in the height of sum-

mer,— the glow and ardour of his rays, under a perfectly

clear sky, at noon, in equal latitudes and under equal circum-

stances of exposure,— from being materially greater in tlie

southern hemisphere than in the northern. One fifteenth is

too considerable a fraction of the whole intensity of sunshine

not to aggravate in a serious degree the suflferings of those

for instance who are exposed to it in thirsty deserts, without
shelter. The accounts of these sufferings in the interior of
Australia are of the most frightful kind, and would seem far
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to exceed what have ever been undergone by travellers in

the northern deserts of Africa
*

(369 a.) It must be observed moreover, that in estimatmg

the effect of any additional fraction (as one fifteenth) of solar

radiation on temperature, we have to consider as our unit,

not the number of degrees above a purely arbitrary zero

point (such as the freezing point of water or the zero of

Fahrenheit's scale) on which a thermometer stands m a hot

summer day, as compared with a cold winter one, but the

thermometric interval between the temperatures it indicates

in the two cases, and that which it would indicate did the

sun not exist, which there is good reason to believe f

would be at least as low as 239° below zero of Fahrenheit.

And as a temperature of 100° Fahrenheit above zero is no

uncommon one in a fair shade exposure under a sun nearly

vertical, we have to take one fifteenth of the sum of these

intervals (339°), or 23° Fahrenheit, as the least variation of

temperature under such circumstances which can reasonably

be attributed to the actual variation of the sun's distance.

(369 b.) In what has been premised we have supposed the

situation of the axis of the earth's orbit to coincide with

the line of the solstices, neglecting the difference of about

eleven days' motion at present existing between them. But

this near coincidence has not always been the state of things,

and will not always continue to be so. By the effect of pre-

cession (art. 312.), both the line of equinoxes and those ot

solstices retreat on the ecliptic by an annual angulai- move-

ment of 50"-l, which cause alone would carry them round,

with respect to the axis of the earth's eUipse through a com-

plete revolution, in 25868 years. And in this period, sup-

posing the axis to retain a fixed position, the perihebon would

come to coincide successively in longitude with both the sol-

* See the account of Captain Sturt's exploration in Athenaum, No 1012.

« The around was aln,ost a molten surface, and if a match accidentally fell upon
Ihe ground

. , „ ^, ,t,,or has observed the temperature of the

it, U i,ltlu . as 159° Fahrenheit. An ordinary luci-

surface so. in

f
°" Afr^^,'^;;

, .^.^d upon a smooth surface at 212°,

^-^^'^ ^'e sUghtest friction upon such

rt::M^::^X'^^7^- ^-t. edition) An. se.
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slices and witt both the equinoxes. Biitj besides this, owing

to the operation of causes hereafter to be explained, the axis

does not remain so fixed, but shifts its position, with a much

slower angular movement, of 11""8 per annum in the opposite

direction to that in which precession carries the line of equi-

noxes, and by which movement alone, if uniformly continued,

the direction of the axis itself would be carried entirely round

the whole circumference of the ecliptic in an immensely long

period (no less than 109830 years). Thus then we see that the

vernal equinox and the perihelion recede from each other by

the joint annual amount of Ql"'^ or a degree in 58*16 years,

which is, in effect, the same as if the perihelion made a com-

plete revolution with reference to a fixed equinox in 20984

years. In consequence of this joint variation the^j the place

of the perihelion must have coincided with the vernal equi-

nox (or have been situated in longitude. 0°) about 4000 years

before the Christian era, and in longitude P0° about a.d.

1250, and will be situated in longitudes 180° and 270° respec-

tively about the year A.D. 6500 and 11700. At the latter of

these epochs, the case we have considered in the foregoing

articles (368 a. et seq.) will be reversed, and the extreme sum-

mer and winter of the southern hemisphere will be trans-

ferred to the northern.

(369 c.) In the immense periods which geologists contem-

plate in the past history of the earth, this alternation of cli-

mates must have happened, not once only, but thousands of

times, and it is not impossible that some of the indications

which they have discovered of the prevalence at some for-

mer epoch or epochs of widely different climates from the

present in the northern hemisphere, may be referable, in part

at least, to this cause, though we are very far from supposing
it competent (even taken in conjunction with other variations

to be explained further on, which will sometimes go to ex-

aggerate and sometimes to palliate its influence,) to account
for the whole of the changes which appear to have taken
place.*

* M. Reynaud (Extrait de Philosopliie religieuse. Paris : Imprimerie Du-
vergne) attributes more influence to this cause, in historical times, than we should



236 OUTLINES OF ASTRONOMY.

(370.) A conclusion of a very remarkable kind, recently

drawn by Professor Dove from the comparison of thermome-

tric observations at different seasons in very remote regions

of the globe, may appear on first sight at variance with much

that is above stated. That eminent meteorologist has shown,

by taking at all seasons the mean ofthe temperatures ofpoints

diametrically opposite to each other, that the mean tempera-

ture of the whole earth^s surface in June considerably exceeds

that in December. This result, which is at variance with

the greater proximity of the sun in Decembei', is, however,

due to a totally different and verypowerful cause,— the greater

amount of land in that hemisphere which has its summer

solstice in June {i. e. the northern, see art. 362.) ; and the

fact is so explained by him. The effect of land under sun-

shine is to throw heat into the general atmosphere, and so

distribute it by the. carrying power of the latter over the

whole earth. Water is much less effective in this respect,

the heat penetrating its depths, and being there absorbed

;

so that the surface never acquires a very elevated tempera-

ture even under the equator.

(371.) The great key to simplicity of conception in astro-

nomy, and, indeed, in aU sciences where motion is concerned,

consists in contemplating everymovement as referred to points

which are either permanently fixed, or so nearly so as that

their motions shall be too small to interfere materially with

and confuse our notions. In the choice of these primary

points of reference, too, we must endeavour, as far as possible,

to select such as have simple and symmetrical geometrical

relations of situation with respect to the curves described by

the moving parts of the system, and which- are thereby fitted

to perform the office of natural centers— advantageous sta-

be disposed to allow it, when, for instance, he would explain by it the almost

total disappearance of the date palm from .Tudaja since the time of Pliny, at

which it appears to have flourished in perfection. \t that epoch, however,

ti.e uerihelion occupied a situation only 20° irom the December solstice
;
winch

mnLs a difference between the sun's perihelial and solsticial distances not ex-

""I . L rlictanno nr>iTP«nnnflin(r lo a difference of a

'Shftt,rsi^r'^,;::t.;:7 jx::r;;;o;. >ee aiso his Di.

courssur la Constitution physique de la Terre" ^Encychpedie Nouvelle.)
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tions for the eye of reason and theory. Having learned to

attribute an orbital motion to the earth, it loses this advan-

tao-e, which is transferred to the sun, as the fixed center about

which its orbit is performed. Precisely as, when embarrassed

by the earth's diurnal motion, we have learned to transfer, in

imagination, our station of observation from its surface to its

center, by the application of the diurnal parallax ; so, when

we come to inquire into the movements of the planets, we

shall find ourselves continually embarrassed by the orbital

motion of our point of view, unless, by the consideration of

the annual or heliocentric jmrallax, we consent to refer all our

observations on them to the center of the sun, or rather to the

common center of gravity of the sun, and the other bodies

which are connected with it in our system.

(372.) Hence arises the distinction between the geocentric

and heliocentric place of an object. The former refers its

situation in space to an imaginary sphere of infinite radius,

having the center of the earth for its center— the latter to

one concentric with the sun. Thus, when we speak of the

heliocentric longitudes and latitudes of objects, we suppose the

spectator situated in the sun, and referring them by circles

perpendicular to the plane of the ecliptic, to the great cii'cle

marked out in the heavens by the infinite prolongation of

that plane.

(373.) The point in the imaginary concave of an infinite

heaven, to which a spectator in the sun refers the earth, must,

of course, be diametrically opposite to that to which a spec-

tator on the earth refers the sun's center
;
consequently the

heliocentric latitude of the earth is always nothing, and its

heliocentric longitude always equal to the sun's geocentric

lonrjitude + 180°. The heliocentric equinoxes and solstices

are, therefore, the same as the geocentric reversely named
;

and to conceive them, we have only to imagine a plane passing

through the sun's center, parallel to the earth's equator, and

prolonged infinitely on all sides. The line of intersection of

this plane and the plane of the ecliptic is the line of equinoxes,

and the solstices are 90° distant from it.

(374.) Were the earth's orbit a circle, described with a

uniform velocity about the sun placed in its center, nothing
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could be easier than to calculate its position at any time with

respect to the line of equinoxes, or its longitude, for we should

only have to reduce to numbers the proportion following ;
viz.

One year : the time elapsed : : 360° : the arc of longitude

passed over. The longitude so calculated is called in astro-

nomy the mean longitude of the earth. But since the earth's

orbit is neither circular, nor uniformly described, this rule

will not give us the true place in the orbit at any proposed

moment. Nevertheless, as the excentricity and deviation

from a circle are small, the true place will never deviate very

far from that so determined (which, for distinction's sake, is

called the mean place), and the former may at all times be

calculated from the latter, by applying to it a correction or

equation (as it is termed), whose amount is never very great,

and whose computation is a question of pure geometry,

depending on the equable description of areas by the earth

about the sun. For since, in elliptic motion according to

Kepler's law above stated, areas not angles are described

uniformly, the proportion must now be stated thus;—One

year : the time elapsed: : the whole area of the ellipse : the

area of the sector swept over by the radius vector in that time.

This area, therefore, becomes known, and it is then, as above

observed, a problem of pure geometry to ascertain the angle

about the sun (X S Z, Jig. art. 362.), which corresponds to any

proposed fractional area of the whole ellipse supposed to be

contained in the sector X Z S. Suppose we set out from X,

the perihelion, then will the angle X S Z at first increase more

rapidly than the mean longitude, and will, therefore, during

the whole semi-revolution from Ato M, exceed it in amount

;

or, in other words, the true place will be in advance of the

mean: at M, one half the year will have elapsed, and one

half the orbit have been described, whether it be circular or

elliptic. Here, then, the mean and true places coincide
;
but

in all the other half of the orbit, from M to A, the true place

will fall short of the mean, since at M the angular motion is

slowest, and the true place from this point begins to lag

behind the mean— to make up with it, however, as it

approaches A, where it once more overtakes it.
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(375.) The quantity by whicli the true longitude of the

earth differs from the mean longitude is called the equation

of the center, and is additive during all the half-year in which
the earth passes from A to M, beginning at 0° 0' 0"

, increasing

to a maximum, and again diminishing to zero at M ; after

which it becomes subtractive, attains a maximum of sub-

tractive magnitude between M and A, and again diminishes

to 0 at A. Its maximum, both additive and subtractive, is

1° 55' 33"-3.

(376.) By applying, then, to the earth's mean longitude

the equation of the center corresponding to any given time
at which we would ascertain its place, the true longitude

becomes known ; and since the sun is always seen from the

earth in 180° more longitude than the earth from the sun, in

this way also the sun's trme place in the ecliptic becomes
known. The calculation of the equation of the center is

performed by a table constructed for that purpose, to be
found in aU " Solar Tables."

(377.) The maximum value of the equation of the center
depends only on the ellipticity of the orbit, and may be ex-
pressed in terms of the excentriclty. Vice versa, therefore,

if the former quantity can be ascertained by observation, the
latter may be derived from it; because, whenever the law,
or numerical connection, between two quantities is known,
the one can always be determined from the other. Now, by
assiduous observation of the sun's transits over the meridian,

we can ascertain, for every day, its exact right ascension, and
thence conclude its longitude (art. 309.). After this, it is

easy to assign the angle by which this observed longitude ex-
ceeds or falls short of the mean ; and the greatest amount of
this excess or defect which occurs in the whole year is the

maximum equation of the center. This, as a means of ascer-

taining the eccentricity of the orbit, is a far more easy and
accurate method than that of concluding the sun's distance by
measuring its apparent diameter. The results of the two
methods coincide, however, perfectly.

(378.) If the ecliptic coincided with the equinoctial, the
effect of the equation of the center, by disturbing the unifor-
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mity of the sun*?, apparent motion in longitude, would cause

an inequality in its time of coming on the meridian on suc-

cessive days. When the sun's center comes to the meridian,

it is apparent noon, and if its motion in longitude were uni-

form, and the ecliptic coincident with the equinoctial, this

would always coincide with the mean noon, or the stroke of

12 on a well-regulated solar clock. But, independent of the

want of uniformity in its motion, the obliquity of the ecliptic

gives rise to another inequality in this respect
;

^
in conse-

quence of which, the sun, even supposing its motion in the

ecliptic uniform, would yet alternately, in its time of attain-

ing the meridian, anticipate and fall short of the mean noon

as'shown by the clock. For the right ascension of a celestial

object forming a side of a right-angled spherical triangle, of

which its longitude is the hypothenuse, it is clear that the

uniform increase of the latter must necessitate a deviation

from uniformity in the increase of the former.

(379.) These two causes, then, acting conjointly, produce,

in fact, a very considerable fluctuation in the time as shown

per clock, when the sun really attains the meridian. It

amounts, in fact, to upwards of half an hour ;
apparent noon

sometimes taking place as much as 16imin. before mean

noon, and at others as much as 14^ min. after. This differ-

ence between apparent and mean noon is called the equation

of time, and is calculated and inserted in ephemendes for

every day of the year, under that title : or else, which comes

to the same thing, the moment, in mean time, of the sun's

culmination for each day, is set down as an astronomical

phajnomenon to be observed.
_ ^

(380.) As the sun, in its apparent annual course, is carried

along the ecliptic, its declination is continually varying be-

tween the extreme limits of 23° 27' 30" north, and as much

south, which it attains at the solstices. It is consequently

always vertical over some part or other of that zone or belt

of the earth's surface which lies between the north and south

paraUels of 23° 27' 30". These parallels are called in geo-

craphy the tropics ; the northern one that of Cancer, ^nd. the

southern of Capricorn; because the sun, at the respective
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solstices, is situated in the divisions, or signs of the ecliptic

so denominated. Of these signs there are twelve, each oc-
cupying 30° of its circumference. They commence at the
vernal equinox, and are named in order— Aries, Taurus,
Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius'
Capricornus, Aquarius, Pisces.* They are denoted also by
the following symbols: — ^ , n , , si, nf., , vi, :t

,

Vf, K. Longitude itself is also divided into signs,
degrees, and minutes, &c. Thus 5= 27° 0' corresponds to'

177° 0'.

(381.) These Si^ns are purely technical subdivisions of
the ecliptic, commencing from the actual equinox, and are
not to be confounded with the constellations so called (and
sometimes so symbolized). The constellations of the zodiac,
as they now stand arranged on the ecliptic, are aU a full
"sign" in advance or anticipation of their symbolic cog-
nomens thereon marked. Thus the constellation Aries
actually occupies the sign Taurus «, the constellation
Taurus, the sign Gemini n , and so on, the signs having re-
treated f among the stars (together with the equinox their
origm), by the effect of precession. The bright star Spica in
the constellation Virgo (a Virginis), by the observations of
Hipparchus, 128 years B.C., preceded, or was westward of the
autumnal equinox in longitude by 6°. In 1750 it followed
or stood eastward of the same equinox by 20° 21'. Its place
then, as referred to the ecliptic at the former epoch, would be
in longitude 5= 24° 0', or in the 24th degree of the siffn Si,
whereas in the latter epoch it stood in the 21st degree of nji,

the equinox having retreated by 26° 21' in the interval, 1878
years, elapsed. To avoid this source of misunderstanding, the
use of " signs" and their symbols in the reckoning of cefestial
longitudes is now almost entirely abandoned, and the ordi-
nary reckoning (by degrees, &c. from 0 to 360) adopted in

• They may be remembered by the following memorial hexameters :—

lT ^""^ Cancer Leo, Virgo,
^loraque, Scorpius, Arcitenens, Caper, Amphora, Pisces.

diurnfrmot'bn."
^^"^ "'^'^ "^'^^ reference to lonffitude, not to the apparent
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it, plaee, and the names Aries, Virgo, &o. are becoming re

stricted to the constellations so called*
^

(3820 When the sun is in either tropic, .t enlightens, as

we have seen the pole on that side the equator, and shines

Ter or beyoi^d it 'o the extent of M» 27' 30". The paralld,

riatltude', at this distance from either pole are called he

™b.„Vofes,andare distinguished from each oAer hy the

Barnes arctic and antarctic. The regions
-"^^^-f^^

are sometimes termed /ri^« ^o"^, while the belt between

Te trr,^os is called L torni w, and the intermedia.*

Sts" These >ast, ^"wever are merd, na»es

tnes of clmate are not co-terminal with zones of laMmd.

f383 -) Our seasons are determined by the appai^nt pas

4e"oVthesunacrossthp—
+Vie northern and southern hemispnere. «

„i +^

t slewhat .eforc the w^e sidereal «rcuit is e^^^^^^^^^^^

The annual retreat of the equinox is 50 1>

described by the sun in the ecbp^c n 20 9 9
y^^^

much »/i<,*r, then, is the
V''''^;'^'''"2,,Zithe.^^

than the tme sidereal revolution of the eaith louiia

t the latter period, or ^i^-^'
'^rbe „nl 365' 5»

rsi'r9^"T:dristL:rr::b;te';;^

1 „r i-lio nlrl usafc prevails.

. When, however, the P^^- °^f^^-'VoTat'lnt« to r.t.u between

Thus, if we say "the sun .s m Ane wouM be
.^^„ unclcrstood

BO in a few other cases,
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11"'8, which arc must be described by the earth before it can
again reach the perihelion. In so doing, it occupies 4"" 39«-7
and this must therefore be added to the sidereal period, to'
give the interval between two consecutive returns to the
perihelion. This interval, then, is 365^ 6^ 13°'49«-3*, and is
whatiscalled the anomalistic year. All these periods have their
uses m astronomy

; but that in which mankind in general are
most interested is the tropicalyear, on which the return of the
seasons depends, and whichwe thus perceive to be a compound
phcenomenon, depending chiefly and directly on the annual
revolution of the earth round the sun, but subordinately also,
and indirectly, on its rotation round its own axis, which is
what occasions the precession of the equinoxes ; thus afford-
ing an instructive example of the way in which amotion,
once admitted in any part of our system, may be traced in
Its influence on others with which at first sight it could not
possibly be supposed to have any thing to do.

(385.) As a rough consideration of the appearance of the
earth points out the general roundness of its form, and more

'

exact mquuy has led us first to the discovery of its elliptic
figure, and, m the further progress of refinement, to the per-
ception of minuter local deviations from that figure ; so in
investigating the solar motions, the first notion we obLin
IS that of an orbit, generally speaking, round, and not far from
a c^cle, which, on more careful and exact examination, proves
to be an empse of small excentricity, and described in con-
tormity with certain laws, as above stated. Still minuter
enquiry, however, detects yet smaller deviations again from
his form and from these laws, of which we have a specimenm the slow motion of the axis of the orbit spoken of in art.

\, ""'^ generally comprehended under the name
ot perturbations and secular inequalities. Of these deviations,

rccoun? of /^"t "'^'""^^^ ^-d^^-^d a completeaccount of them all, and to have left nothing unexplained,
* Thcs

Me tak«rfrorMTBuilT?A^'f"°'' *''J:,""ier numerical data of our system.caily i, Astronomical Tables and Formula.
'
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either in the motions of the sun or in those of any other

of the bodies of our system. But the nature of this explana-

tion cannot be understood till we have developed the law of

gravitation, and carried it into its more direct consequences.

This will be the object of our three following chapters; m

which we shair take advantage of the proximity of the moon,

and its immediate connection with and dependence on the

earth, to render it, as it were, a stepping-stono to the general

explanation of the planetary movements. We shall conclude

this by describing what is known of the physical constitution

of the sun. „ , , -a^a

(386.-1 When viewed through powerful telescopes, provided

with coloured gWs, to t»ke off the f
J™"

otherwise injure our eyes, the sun is observed to have fre-

lently large and perfectly black spots upon rt, surrounded

with a kind of border, less completely dark, caUed a pe-

nnmbra Some of these are represented at a, b, e, a, m

prteT fi. 2., at the end of this volume. They are how-

;ve not ;ern;ane„t. When watched from day to day, or

Ten from hour to hour, they appear to enlarge or contract,

to ch n™ their forms, and at length to disappear altogether,

Tr t break out anew in parts of the

were before. In such cases of disappearance, the ceutr^

Trk spo always contracts into a point, and vanishes before

th bTder. Occasionally they break up, or divide into two
tue Doiaer.

evidence of that

:;t.:::'mliHry TL,^ omy to'tbe fluid state, and

f t"t excesJely violent agitation which o>ily com-

patible with the atmospheric or 8"-°"'
^^^^^

'

The scale on which their movemenU
P'--^^

J

A single second of angular measure, as seen f'"-^ ^''^^

corresponds on the sun's disc to 43

mles) IS the least- space w

irra:—-hSt: upwards of «000 miles.;
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and even, if some records are to be trusted, of very much
greater extent.* That such a spot should close up in six
weeks' time (for they seldom last much longer), its borders
must approach at the rate of more than 1000 miles a day.

^
(387.) Many other circumstances tend to corroborate this

view of the subject. The part of the sun's disc not occupied
by spots is far from uniformly bright. Its ground is finely
mottled with an appearance of minute, dark dots, or pores,
which, when attentively watched, are found to be in a con-
stant state of change. There is nothing which represents so
faithfuUy this appearance as the slow subsidence of some
flocculent chemical precipitates in a transparent fluid, when
viewed perpendicularly from above: so faithfully, indeed,
that it is hardly possible not to be impressed with the idea of
a luminous medium intermixed, but not confounded, with a
transparent and non-luminous atmosphere, either floatino- as
clouds in our aii-, or pervading it in vast sheets and columns
bke flame, or the streamers of our northern lights, directed in
Hues perpendicular to the surface.f [See § (387 a, h, and
cc) Note G].

^'^^ ^^'^ '^"tain ancient annals to have been obscured

parU t e largest of which " nieasured 1' S-OS in diameter ;hichTe;Lr"length to more than 31000 miles." " Both together," he adds. « mus ce ain

JarTof M r f"""-'
'^''^ -"-Pon'^s to'llS" whi'ch " not a fS S,

Tl 5 7 dT"lT^'V Tr^''' °" "^""'^ corresponds, not

+ tI' r u ' ^ ''"""'^'^'•s of the earth._( Note added in 1858 )

tion thJh^
ernanating immediately from the sun shows no sign of polariza-

Thlhifh if'"^™''' °' circumferential portions o/ it Z
nature of ,if" e'''^

' '^''P'^nmental proof of the ^aseo, ;

emh ed L ' -hich its light proceeds. It is Argued that the ligh

to that in whic thl .nJ™ f ?"""r
P"''^""'''^ ''^ ^ P''^"'^ Perpendicular

be the nature of f
7""''t'on hes, and that consequently such camaot

passed tWs arr^.L .
''"

V
^" °f -"'-k, I have

to enter a profr:"Iin:f .f
'^'^^'^ "-'--"y »o-

greatest nam^toS ^T^"S^' ^oes on authority of one of the
repeated ^T^ZZTiL'TT^' ^ " Prominently put forward and
"'OS, pcussim, efpec fl Vvor i

°" V'"' '^''"^Pi^'"""^ -^rit. (Kos-
on the Sun, Bi^ Siv 8^i'''v''-',''^-'T,"'''^ l"'"' ^^'^ Gautier
No. 1560, &c. &c ^ Th /m'

Vaughan, Rep. Brit. Assoc. 1857; Athena.
Xhe fallacy consists in the assumption that the sur

ia;um,

face
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(S88 ) Lastly, in the neighbourhood of great spots, or ex-

tensfve U/of them, large spaees of the surface are ofteu

olservel to be covered with strongly marked curved or

hrlhin. streaks, more luminous than the rest, called>c„te

aid amo°ng these, if not already easting
f^^^^^^^^l

^;;lrtht:u?^—ere.indieativeofvio^t^U«^^

iu their neighbourhood. They are most eommonly, and be t

Teet towarfs the borders of the visible d.sc, and the.r

Ts9TBur:hr:te'^ Wm notions

ha e been broached on this subject but only-
„ave any degree of physical pro ah.My - * Z

^tllf Hdtrt:oTv^CTy^—t «nc^^^^^

T^^t^^r^s of its atmosphere, to^^^^^
t 1 -ont -Rps-oectino- the manner in which this Qis

fluid is less deep. A tatal olDjecx
termination,

•
r- i„;i« r>f +hp rienumbra and its snaip leimi

^riLStX^Vjoius the spot, and outwards, where

^ 1 ;i„,c of the sun is necessarily very

fron. which the light e— at ^^^r':Jj!^lo.^ true of the .e„e.ai

obhnue to the visual ray by which see
. diameter, is not t,o of

:Sce regarded as a
^n". not being obscured from sight

each particular square foot or
.^vs to reach the eye of a terres-

bv inLrvening
1-°'-"--^ the sun to be an incandescent solid not n,ore ro.ph

Supposing the sun to
j , f^^,,, ti,e centre or from the

r.e moon, it is obvious that v he
^^^^^^

trial spectator. Sii

.1 _.. jI. ,r::.kor ,..0.. it is obvious ha wn.^.
of rays eine.

borders, the lig^S^y ^^^'';\revery possible angle of obliquity and m every

ffent from the local surface "^^"^ P,^^.^^^
a luminous portion of the sun s

Possible plane without the
^^^'^^^^'K^^f^t ota square second, would correspond
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it borders on the bright surface. A more probable view has
been taken by Sir William Herschel*, who considers the
luminous strata of the atmosphere to be sustained far above
the level of the solid body by a transparent elastic medium,
carrying on its upper surface {or rather, to avoid the former
objection, at some considerable/ lower level within its depth) a
cloudy stratum which, being strongly illuminated from above
reflects a considerable portion of the %ht to our eyes, and
forms a penumbra, while the
solid body shaded by the clouds /
reflects none. (See Jiff.) The ^y/'/ '

^

temporary removal of both the ' J
strata, but more of the upper
than the lower, he supposes
eifected by powerful upward
currents of the atmosphere,
arising, perhaps, from spiracles
in the body, or from local / ^^^^
agitations. ^

(389o.) Such W.S the state of our kuowledge of the ap-pearanoe and o„„Bt,tuti„n of the solar spots at the timewheu
th,s work first .ssued from the press. But in 1851, a furtherstep towards penetrating the mystery of their nature wLmade by that exeellent and indefatigable observe ZDawes, who ava,hng himeelf of the ingenious eontrivance
described m (art. 204 has been enabkd to scrutini Hhemtenor of the peuumbr. of the spots, under high magn y u.

Cudthe br^ So viewed, he has

nuir r """"Py-^S "'^-^'^ of the pe-numbra
, wh,ch to former observers appeared so aIa

ac LT„ f " \° ""^'^-^ i' '0 be the sun's

V op ttr » ^V-ture iu au exterior eu

0 rfeebt ;
-f-!or stratum

tns cILd "L"TT' "l"™-ted) matter, which hethe cloudy stratum," which again in its turn is
* Pliil. Trans. 1801.
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blackness. Kgs. 4. 5. PI. 1., represent spots «>

2.,,.d Decen^ber, 18", and 17th January 185 h t - g

bet^yeen that date and
^f'* „. ^ „ ^ondy

p>- t apt::: t:^JX it^^f

stvatnm,' with it.

"^^Tat S fi". S., instead of that at a,

the
»r"^'.''^''if°h!l to general 4m remaining aU the

which it originally had, its geneia

while unchanged.
„«™t;vplv watched, their

lion > When the spots are attentively waic. >- >

(390.) W ™
\ f'^i^^,„nis„bservedto change. They

situation on the disc of the
^.^^^

advance regularly t""^"*"
^ ^i,;,,), enter at the

they disappear, and a- repW
^ ^^^^^^^

eastern limb, and which, P"™'°SJ ^he apparent

their turn disappear at the
^ere

rapidity of this movement is

-"'--^^pXlt motion of

.be spots dark tod-s Passing
1^^

an mdepen

their own, between the earth ^^^^'^^^ ^
tbe middle of their paths aero toe ^

^J
borders. This is precisely what ™_o"'^

'^f^, „f

them t» appertain to and
'^^"^^I^J^XTI^,,^ rota-

tbe sun's globe, and to be <=='™d round
^7

tion of that globe on its axis, so hat e- I

scribe a circle parallel to the suns equator r^^^^

by the effect of P-P^'^^j.^ ,^ :^f Xlr nature, being,

across the disc conform to ™
^ concentric with

generally speaking,
f
-P-' »f / ;"ids for its longer

each other. At two
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circle, which a spot situated on the sun's equator describes

(and consequently, the plane of that equator itself), passes

thi-ough the earth. Hence it is obvious, that the plane of

the sun's equator is inclined to that of the ecliptic, and
intersects it in a line which passes through the place of the

earth on these days. The situation of this line, or the line

of the nodes of the sun's equator as it is called, is, therefore,

defined by the longitudes of the earth as seen from the sun
at those epochs, which, according to Mr. Carrington, are re-

spectively 73° 40' and 253° 40' ( = 73° 40' + 180°) for 1850,
being, of course, diametrically opposite in direction.

(391.) The inclination of the sun's axis (that of the plane
of its equator) to the ecliptic is determined by ascertaining

the proportion of the longer and the shorter diameter of the

apparent ellipse described by any remarkable, weU-defined
spot; in order to do which, its apparent place on the sun's disc

must be very precisely ascertained by micrometric measures,
repeated from day to day as long as it continues visible,

(usually about 12 or 13 days, according to the magnitude of
the spots, which always vanish by the effect of foreshortening
before they attain the actual border of the disc— but the
larger spots being traceable closer to the limb than the
smaller.*) The reduction of such observations, or the con-
clusion from them of the element in question, is complicated
with the effect of the earth's motion in the interval of the
observations, and with its situation in the ecliptic, with respect
to the line of nodes. For simplicity, we will suppose the
earth situated as it is on the 4th of March, in a line at

right angles to that of the nodes, i. e., in the heliocentric

longitude 163° 40', and to remain there stationary during the
whole passage of a spot across the disc. In this case the axis
of rotation of the sun will be situated in a plane passing
through the earth and at right angles to the plane of the
echptic. Suppose C to represent the sun's centre, P Cp its

axis, EC the line of sight, PNQAjoS a section of the sun
passing through the earth, and Q a spot situated on its

;n Ik^v" F^f °^ December, 1719, is stated to have been seen as a notchin the limb of the sun.
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equator, and m that plane, and consequently in the middle of

its apparent path across the disc. If the axis of rotation

were perpendicular to the ecliptic, as N S, this spot would be

at A, and would be seen projected on C, the centre of the sun.

It is actually at Q, projected upon D, at an apparent distance

CD to the north of the centre, which is the apparent smaller

semi-axis of the ellipse described by the spot, ^.jch bemg

known by micrometric measurement, the value of^ or the

cosine of QCN,the inclination of the sun's equator becomes

known, CN being the apparent semi-diameter of the sun at

that time. At this epoch, moreover, the northern half ot the

circle described by the spot is visible (the southern passmg

behind the body of the sun), and the south pole^ of the sums

within the visible hemisphere. This is the case m the whole

interval from December 5th to June 4th dunng which the

visual ray falls -pon the southern side of the sun s equator

The contrary happens in the other half year, June 4th

to December 5th,'and this is what is understood when we say

that the ascending node (denoted ^ ) of the sun's equator h

in 73° 40' longitude-a spot on the equator passing that

node beinc theS in the act of ascending from the southern to

I norle^rn side of the plane of the ecliptic-such bemg

the conventional language of astronomers m speakmg of

these matters.
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(392.) If the observations are made at other seasons (which
however, are the less favourable for this purpose the more
remote they are from the epochs here assigned); when,
moreover, as in strictness is necessary, the motion of the
earth in the interval of the measures is allowed for (as for a
change of the point of sight); the calculations requisite to
deduce the situation of the axis in space, and the duration of
the revolution around it, become much more intricate, and it
would be beyond the scope of this work to enter into them.*
According to Mr. CaiTington's determination, the inclina-
tion of the sun's equator to the ecliptic is about 7° 15' (its
nodes being as above stated), and the period of rotation 25
days 9 hours 7 minutes

; the con-esponding synodic period
being 27 days 6 hours 36 minutes.f

(393.) The region of the spots is confined, generally speak-
ing, within about 25° on either side of the sun's equator;
beyond 30° they are very rarely seen; in the polar regions,
never. The actual equator of the sun is also less frequently
visited by spots than the adjacent zones on either side, and a
very material difference in their frequency and magnitude
subsists m Its northern and southern hemisphere, those on the
northern preponderating in both respects. The zone com-
prised between the 11th and 15th degree to the northward of
the equator is particularly fertile in large and durable spots.
These circumstances, as well as the fi-equent occurrence of
a more or less regular arrangement of the spots, when nu-
merous, in the manner of belts parallel to the equator, point
evidently to physical peculiarities in certain parts of the
sun's body more favourable than in others to the production
of the spots, on the one hand; and on the other, to a general
influence of its rotation on its axis as a determining cause of
their distribution and arrangement, and would appear indi-
cative of a system of movements in the fluids which con-

comp^t:tL^%*n'TSp"rbvpt''
Astronomy art. 3258., and the for,.uI. of

t These nBHo^'
^ 'u^

Petersen, Schumacher's Nachrichten, No. 419.

the^^mt e^a "olTt ^^f-g-Phic latitude 15° N. or S. of
deduced fro'^ohserv^t o f" ,

'l^'^'. P^^iods of rotation

considerably. S^Co oyrCW ' '"^ ''^'l-S^^P'^i'^ ''"^titudes differ
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stitute its luminous surface bearing no remote analogy to

our trade winds - from whatever cause arismg. (See art.

2Z'd.etseq.) . .
,

(394) The duration of individual spots is commonly not

great; some are formed and disappear within the limit of a

sino-le transit across the disc -but such are for the most

par° small and insignificant. Frequently they make one or

two revolutions, being recognized at their reappearance by

their situation with respect to the equator, their configurations

inter se, their size, or other peculiarities, as well as by the in-

terval elapsing between their disappearance at one imb and

reappearance on the other. In a few rare cases, however

they have been watched round many revolutions. The great

spot of 1779 appeared during six months, and one and the

same groupe was observed in 1840 by Schwabe to return

elcxht times* It has been surmised, with considerable appa-

rent probability, that some spots, at least, are generated again

and acxain, at distant intervals of time, over the same identical

points°ofthe sun's body (as hurricanes, for example, are kno^v-n

\o affect given localities on the earth's surface, and to pursue

definite tracks). The uncertainty which still prevails with

respect to the exact duration of its rotation renders it veij

difficult to obtain convincing evidence of this;_ nor, indeed,

can it be expected, until by bringing together into one con-

nected view the recorded state of the sun's surface dunng a

C ry iolg period of time, and comparing together remarkable

Ipots whk,h have appeared on the same parallel, some prease

p'erLdlctime shaU be found which shall e-tly c^^^^^^^^^^

Lmerous and^f^^^^~ JtZwe
Is one of sino-ular interest, as there can ue u.u

doXt that the supply of light and heat afforded to our glo^e

stands in Intimate connexion with those processes which a e

tScing place on the solar surface, and to which the spots m

Rome'way or other owe their orlgm.

^394 a ) Meanwhile M. Schwabe, of Dessau, by compar-

t. XT n IW The recent papers of Biela, Capocci,

s;r.!"«Srd ..... co..cc.i.Vwm .o..d L„U,

interesting.
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ing togetlier the records of the general state of the sun's

surface in respect of the abundance and paucity of spots

exhibited by it from 1826 to 1850, has been led to a highly

remarkable conclusion, viz. that their degree of copiousness
is subject to a law of periodicity; alternate minima and
maxima recurring at nearly equal intervals. The interval

from minimum to minimum, as weU as could be ascertained
from the moderate interval embraced by the observations
compared was provisionally estimated by M. Schwabe at

about ten years. More recently, M. Wolf, of Berne*, from a
careful assemblage and discussion of all the recorded obser-
vations of spots which could be collected from their first

telescopic discovery (by Fabricius and Harriot, in 1610) to
the present time, while fully confirming their periodicity,
has fixed upon the somewhat longer period, from minimum to
minimum, of ] F-ll, being exactly at the rate of nine periods
per century, the last year of each century (1700, 1800, &c,)
being a year of minimum. In the minima there is for the most
part an extreme paucity, and sometimes an entire absence of
spots.f The maxima (in which they are often so copious that
50 or 100 have been counted at once on the disc) do not ap-
pear to fall exactly in the middle year between the minima,
but rather earlier, about the fifth, fourth, or even the third
year of the period. What is extremely remarkable, and
must certainly be received as strongly corroborative, both of
the general fact of periodicity and of the correctness of M.
Wolf's period, is, that we find recorded in history by chroni-
clers and annalists on several occasions before the invention
of telescopes, the appearance of spots, or groups of spots, so
considerable as to have become matter of vulgar observation,
as for instance in the years a.d. 807, 840, 1096, and 1607
and several others in which, though no spots are recorded, a
great deficiency in the sun's light has been remarked. Thus
in the annals of the year a.d. 536, the sun is said to have
suffered a great diminution of light, which continued fourteen

* Rudolf Wolf. Transactions of Society of Nat. Phil. Berne. 1852.
T As in 18.56.

vLI!^?7\
''"'^^^ V^^nets seen on the sun ; that of 840 forVenus

; those of 807 and IC07 for Mercury.
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months. From October, a.d. 626, to the following June, a

defalcation of light to the extent of one-half is recorded ;
and

in A.D. 1547, during three days, the sun is said to have been

so darkened that stars were seen in the day-time. Now of

all these instances, supposing them all to have been owing to

spots, either unusually large or numerous, there are only

two, those of A.D. 807 and 1607, which deviate so much as

two years from the epochs of maximum fixed as above.

(394 b.) Sir W. Herschel (Ph. Tr. 1801), considering the

appearance of abundant spots on the sun's disc as evidence

of an agitated state of its gaseous envelope, and regarding

the extrication of light and heat as the results of chemical

processes likely to be promoted by the more intimate mix-

ture of heterogeneous materials having mutual affinities, has

attempted to show, though from very imperfect records (such

as alone could be procured by him at that date) that years

of remarkably abundant or deficient spots have been also

remarkable respectively for their high or low general tempe-

rature, and especially for abundant and deficient hai-vests.

The point has been inquired into by M. Gautier*, who from

an assemblage of meteorological averages obtained in thirty-

three stations in Europe, and twenty-nine in America during

eleven years of observation, finds a trifling preponderance

(0°-ll Fahr.) in the opposite direction. On the other hand

M. Wolf, in the memoir above cited, from an examination of

the Chronicles of Zurich from the year a.d. 1000 toA.D. 1800,

is led to a conclusion in accordance with this speculation,

and considers them as affording decisive evidence " that years

rich in solar spots are in general drier and more fruitful

than those of an opposite character, whUe the latter are

wetter and more stormy than the former.

(394 c.) Although more properly belonging to the domain

ot general physics than of astronomy, it is impossible to

omit mentioning here the singular coincidence of this period

of the recurrence of the solar spots with that of those great

disturbances in the magnetic system of the earth to which

the epithet of " magnetic storms" has been affixed. These

* 13ibl Univ. de Geneve. 1844.
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disturbances, during which the magnetic needle is greatly
and universally agitated (not in a particular limited locality,
but at one and the same instant of time over whole conti-
nents, or even over the whole earth), are found, so far as
observation has hitherto extended, to maintain a paraUel bothm respect of their frequency of occurrence and intensity in
successive years with the abundance and magnitude of the
spots in the same years, too close to be regarded as fortuit-
ous. The coincidence of the epochs of maxima and minimam the two series of phenomena amounts indeed to identity,
a fact evidently of most important significance, but which
neither astronomical nor magnetic science is yet sufficiently
advanced to interpret.

(395.) Above the luminous surface of the sun, and the
region m which the spots reside, there are strong indications
of the existence of a gaseous atmosphere having a somewhat
imperfect transparency. When the whole disc of the sun is
seen at once through a telescope magnifying moderately
enough to allow it, and with a darkening glass such as to
suffer It to be contemplated with perfect comfort, it is very
evident that the borders of the disc are much less luminous
than the center. That this is no illusion is shown by project-
ing the suns image undarkened and moderately magnified
so as to occupy a circle two or three inches in diameter, on I
sheet of white paper, taking care to have it weU in focuswhen the same appearance wiU be observed.* This can only
arise from the circumferential rays having undergone the
absorptive action of a much greater thickness of some imper-
fectly transparent envelope (due to greater obliquity of their
passage through it) than the central.-But a stiH more con-
vincing and indeed decisive evidence is offered by the ph^eno-

ser:cd'!^^rf,i!f;„i:J,^„p\y^-g°- the evidence of certain phenomena ob-
s..me astonishment wit .omM f •,

'° P^^P''^^^' that it is matter of
The matter C LTlced t

^h'^ niost superficial observer,

both photometric and th rmt 1?" d% ''^ '^'^P-i-ents
found in Astron. Nashr No 806 8cJ f

°^ ^'S"
tion of the center of the <=,.n'. ,i;

'
, ^" ^° P^°''^ calorific radia-

that the equatorial regions are
' Tf/ of that from its borders, and

<l"=. Aug.'26th. 18l5:i7^.r:S';^sV^5"" Pol- (Comptes lien-
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„ena attending a total ecU,.e °f ".betl^Sa

the moon being large enougb to co

,ery small breadth, the whole disc

"[^J^svhere capable

thlftakes place, we no ^porous

of reflectlns any -^^^j^ Ibtl^^^^^ appear/there

totally dark, since (as will hereatter ao j
is not the smallest reason for believing the mo^ t

atmosphere capable of doinyo So ^
-^^^ J

from bein^ the case, that a biignt rm^
-pi t fio- 3

fonnerbody Th-s corona - heautii.
^y ^^^^^^^^^

eclipse of Ju y
^ ^ t,to, m Pavia, Milan,

addition—witnessed by ^^'^' l
-i ^^rv conspicuous

Vienna, and elsewhere: three jje cited)

rose-colourea protuberances "P^^ ^^'^ ^^^^^^^^ i^oon,

,,ere seen to project beyond
^l^'^^J^^^.^^^t^M

likened by some to
«™-' f^"^^;^" seen at all by

their enormous magnitude (.'"
Y

"'
40,000 miles),

the naked eye their height must ^ |,,,e

and their faint degree of
'""^^''^'^f „hich

been cloudy masses of tke most
«-2bwX r 'existence, to

doubtless owed their support, and 1?-^""^
i„ the

.„eh an atmosphere as -
'^tJoured protu-

total eclipse of July 28. 1851,
f ^ fo™ ^uite

berances were observed one »
P^^tai" „p ,erti-

decieive as to their cloudy nature, iism„ =

, A ^the disc and then suddenly turning
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sents the appearance as seea by Prof. Schmidt, at Easten-
burg, just as a column of smoke rising in calm air is often
seen to be drifted off horizontally when it has attained
such a height as to bring it into an upper current of wind.
To complete the resemblance, a detached and perfectly in-
sulated mass B of the same rosy colour was observed at some
distance from the drifted train A, which was connected with
another mass C, by a narrow red band or streak D.

(395 a.) The existence of such an atmosphere superior to
the lummous envelope being admitted, affords an easy ex-
planation of the faculas, considered as vast waves in the pho-
tosphere (art. 388.). In an atmosphere consisting of strata
gradually decreasing in density, any cause of undulation
acting on the inferior strata will throw them up to a vastlv
greater height, and therefore pi^bduce far greater waves in
them than would arise from the same cause acting on the
surface of a definite ocean of liquid matter, by reason of
their bemg partiaUy sustained against gravity, leaving their
mertia free to carry them up to a higher level. The experi-
ment IS easily tried in oil floating on water, or in saline
solutions increasing in density downwards, and is at once
amusing and instructive. [See Note (0) § (395 b b.)]

(396.) That the temperature at the visible surface of the
eun cannot be otherwise than very elevated, much more so
than any artificial heat produced in our furnaces, or by che-
mical or galvanic processes, we have indications of several
distinct kinds

: 1st, From the law of decrease of radiant heat
and light, which, being inversely asthe squares of the distances.
It tollows, that the heat received on a given area exposed at
the distance of the earth, and on an equal area at the visible
surface of the sun, must be in the proportion of the area of
the sky occupied by the sun's apparent disc to the whole
hemisphere, or as 1 to about 92,000. A far less intensity of
soiar radiation, collected in the focus of a burning glass, suf-
fices to dissipate gold and platina in vapour. 2dly, From the
tacuity with which the calorific rays of the sun traverse glassa property which is found to belong to the heat of artificial

S
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fires in the direct proportion of tlieir intensity * 3dly, From

the fact, that the most vivid flames disappear, and the most

intensely ignited solids appear only as black spots on the disc

of the sun when held between it and the eye.j From the

last remark it follows, that the body of the sun, however dark

it may appear when seen through its spots, may, nevertheless,

be in a state of most intense ignition. It does not, however,

foUow of necessity that it must be so. The contrary is at

least physically possible. A perfectly reflective canopy would

effectually defend it from the radiation of the luminous regions

above its atmosphere, and no heat would be conducted down-

wards through a gaseous medium increasing rapidly in density.

That the penumbral clouds are highly reflective, the fact of

their visibility in such a situation can leave no doubt.

(397.) As the magnitude of the sun has been measured,

and (as we shall hereafter see) its weight, or quantity of pon-

derable- matter, ascertained, so also attempts have been made,

and not whoUy without success, from the heat actually com-

municated by its rays to given surfaces of material bodies

exposed to their vertical action on the earth's surface, to esti-

mate the total expenditure of heat by that luminary in a given

time. The result of such experiments has been thus an-

nounced. Supposing a cylinder of ice 45 miles in diameter, to

be continually darted into the sun with the velocity of light, and

that the water produced by its fusion were continuaUy carried

off, the heat now given off constantly by radiation would then

be wholly expended in its liquefaction, on the one hand, so as

to leave no radiant surplus; while on the other, the actual

temperature at its surface would undergo no dimmution.?

• By direct measurement with the actinometer, I that ou^ of 1000

calorific solar rays. 816 penetrate a sheet of plate glass 0-1 2 "l^^^
t^i.ck a„U

that of 1000 rays which have passed through one such plate, 859 are capable

Lieutenant Drummond's -y-h
Jogen

lamp.gives the nearest imitation of the solar splendour which
J^^^^

nroduced. The appearance of this against the sun was, however, as descr.bea
proQuceu. n

. j was present. The experiment ought to

"
;7under fl ourll i cumstrcel _ Note to the ed. of 1 83S. According
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(397 a.) Another mode of expressing the heat generated
and radiated off from the sun's surface, well calculated to im-
press us with an overwhelming idea of the tremendous ener-
jiies there constantly m action, is that employed by Pro-
fessor Thomson, who estimates the dynamical effect which
would be produced in our manufactories by a consumption of
fuel competent to evolve the heat given out by each individual
square yard of that surface, at 63000 horse-power, to main-
taui which would requii-e the combustion of 13500 pounds
of coal per hour.*

(398.) This immense escape of heat by radiation, we may
remark, will fuUy explain the constant state of tumultuous
agitation m which the fluids composing the visible surface are
maintained, and the continual generation and filling in the
pores, without having recourse to internal causes. The mode
of action here aUuded to is perfectly represented to the eyem the disturbed subsidence of a precipitate, as described in
art. 387., when the fluid from which it subsides is warm, and

'

losing heat from its surface.

(399.) The sun^g rays are the ultimate source of almost
every motion which takes place on the surface of the earth.By Its heat are produced all winds, and those disturbances in
the electric equUibrium of the atmosphere which give rise to
the phjenomena of lightning, and probably also to those of
terrestnalmagnetism and the aurora. By their vivifying action
vegetables are enabled to draw support from inorganic matter,

fessor grounds this estiniate on M. Pouillefs d te m LronlfThe alun^of

K hv
The author of this work found at the Cape of Good

5n that ] ft2e at m'i I^L'"° ^ nearly, vertical in each experiment, tha

tlK^ solar ad" tion
^'^^ ^"^^ ^'^"^'^ th'^ ^'^^ evel,

ice exDoJrl ! '=r!"^"'"'
'° ^" '"ch in thickness fro.n a sheet of

the tot? r"t tvtcirr "-^1 ""^'-'"•"^—f"oi-e at one-third of

xnicknessriceXr , ,f
'/'"'^

f'^'^'^'
^'1 reductions made, 43 39 feet in

™ents(made in rnrT8l7r ^""'^^ M- Pouillefs experi-
'•••et may therefore b' t .k

^' ^ ' °' ^^'^ f'-e' P^^ '"inute. Forty
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and teoome, in thdr turn, the snpport of animals
^f^^^^

t^a the souv'ces of tho.e great deposits of dynam,cal efficenc,

which are laid up for human use in our coal strata. By them

tt:::, of the sea are made to oireulate
^^t;

fheair and irrieatethe land, produomg
springs and r»ers. By

ttm ale produced all disturbances of thechcmical eqmbbnum

rfle elelnts of nature, which, by a -ries °f co-po.

and decompositions, give rise to now products,
^^^^'f^

a transfer of materials. Even the slow degradation ol the

con tituents of the surface, in which its chief geologica

changes consist, is almost entirely due, on the one hand .0 the

aSon of wind and rain, and the alternation of heat and

tst on the other, to the continual heating of w-e^

a<.ita ed by winds, the results of solar radiation. Tidal action

msd/partly due to the sun's agency) exercises here a com-
(itselt parxiy

^ , £ oceanic currents

paratively slight .nflueuce_The e^^^^^^

<mainly origmating
J«";^^^^^^^^^

^"atter abraded

;

is powerful in diffusmg and transpoitin

and when weconsider the immense tranfer rfm^^^^^^

duced, the -crease .°f pressure over a^e^^^^^^^^^

.the ocean, and diminution over C""
J""-^^

o P

the land, we are not at a
^oil^ l^lll2Lnt\.e one hand

law of solar influence, t
conceive how so

^400.) The great mystery how- ..^^^

enormous a confli^ratiou (if such it )

Every discovery in chemical scie^^^^^^^^^^

^-rrh^lttytir^t^-^— bythe

^ So in the edition of 1833-,
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electric discharge, than to any actual combustion ofponderable
fuel^ whether solid or gaseous, for the origin of the solar
radiation.* Photographic representations of the spots have
been made with much success by Mr. Delarue, with a " pho-
tohelioscope " at Kew : also by the Rev. W. Selwyn, Canon
ofEly, &c.

t>-aversbg excessively rarefied air or vapours gives out light

TnttT""'f\°^"-'- u^^^r^ " current of electric matter'be
constantly circulating in the sun's immediate neighbourhood, or traversing theplanetary spaces and exciting, in the upper re|,ons of its atmosphere, ''tho epha^nomena of which, on however diminutive a scale, we have yet an unequivocal

o that of the aurora has been distinctly insisted on by the late Sir W. Herschelmhs paper already cited. It would be a highlj- curious subject oT experi-'men al enquiry, how far a mere reduplication of sheets of flame a a distance

inTenstfwLd " ''''''''''' be brought ™o' aiy iJqS edintensity), would commumcate to the heat of the resulting compound rav thej^netraUng character which distinguishes the solar calorific fays. ^We may also

tattn on t 1
K''"y^''"°'P'^^^^^ be accounted for by its ro-

of he sun" n
^'

""l' Tf '"""^ ''^"^^
'°

'^'^

w ndf > '
'"^ •'^^'^ °^ J"Pi'" and Saturn, and our trade-

ro£on Zl°"',
" *° '''''' Pl^"^*^' -^orabining' itself wUli the r

[s auained
"° ^^'"^ """^^ the form of equilibrium

SnecKd'to act on ,h. .„! , "J" '"u ", "1"", tli= .i, „u« be

own atmosphere. Experiments made on lofty mountains! or t e cars "^^^loons, on the one hand, and on the other with reflected beams wSLi Lc beenmade to raverse several miles of additional air near the surface, would decide

i mediL
"''-fPtiy«;ff«t of the sun's atmosphere, and possib y also of

etnoi tTh
^"""""^''"g " (whatever it be) which resists the motions of cornets

the o i.fn r'^K--^'''^
''"^'^'^'tionof 1833. The idea of refer" ,

Lo' by^Lf^^^^^^^
heat to friction has been worked out into an elaborate

spo?sTn ZtunVff ^^^t
remarkable for the absence of

pHaseof increased act "tycfr^e on'"" 7? P"'"^^' """"S '''' ^'^e
^v.th a magnificent dis, av orsuo//in .1^

P'?'"' y""""
^ "^'"^^"l ^

"ddedJan. 4. 1858.) ^ P " southern hemisphere.-A^ote
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CHAPTER VII.

OP THE MOON— ITS SIDEREAL PERIOD. -ITS APPARENT DmiETER.

_1TS PARALLAX DISTANCE, AND REAL DIAMETER — FIRST

APPROXIMATION TO ITS ORBIT.— AN ELLIPSE ABOUT THE EARTH

IN THE FOCUS. — ITS EXCENTRICITT AND INCLINATION—MOTION

OF ITS NODES AND APSHJES. — OF OCCULTATIONS AND SOLAR

ECLH-SES GENERALLY. - LIMITS WITHIN WHICH THEY ARE POS-

SIBLE — THEY PROVE THE MOON TO BE AN OPAQUE SOLID.— ITs

LIGHT DERIVED FROM THE SUN. - ITS PHASES._ SYNODIC RE-

VOLUTION OR LUNAR MONTH.— HARVEST MOON.— OF ECLH'SES

MORE PARTICULARLY.- THEHl PH^NOMENA.-THEHl PERIODICAL

BECURRENCE.-PHYSICAL CONSTITUTION OF THE MOON. - ITS

MOUNTAINS AND OTHER SUPERFICIAL FEATURES. -INDICATIONS

OF FORMER VOLCANIC ACTIVITY.- ITS ATMOSPHERE._ CLIMATE.

-RADIATION OF HEAT FROM ITS SURFACE.- ROTATION ON ITS

OW AXIS. - LIBRATION. - APPEARANCE OF THE EARTH FROM

IT -PROBABLE ELONGATION OF THE MOOn'S FIGURE IN THE

rmECTION OF THE EARTH.-ITS HABITABILITY NOT IMPOSSIBLE.

-CHARTS, MODELS, AND PHOTOGRAPHS OF ITS SURFACE.

UOl ) The moon, Hke the sun, appears to advance among

the stai-s with a movement contrary to the general diurnal

motion of the heavens, but much more rapid, so to be

Try readily perceived (as we have before observed by a

few hours' cursory attention on any moonhght night._ By

Z continual advance, which, though sometimes quicUr

sometimes slower, is never intermitted or reverse^ it n^ah s

the tour of the heavens in a mean or average period of 2

.

7' 43- lP-5, returning, in that time, to a position among

he stars nearly coincident with that it had before, and which

would be exactly so, but for reasons presently to be stated.

7402 ) The moon, then, like the sun, apparently describes

orU round the earth, and this orbit cannot be v.ry

movent from a circle, because the apparent angular diameter

fZmLon is not liable to any great extent of variation.

TlTe distance of the moon from the earth is con-
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eluded from its horizontal parallax, which may be found
either directly, by observations at remote geographical sta-
tions, exactly similar to those described in art. 355., in the
case of the sun, or by means of the phenomena called occul-
tations, from which also its apparent diameter is most rea-
dily and correctly found. From such observations it re-
sults that the mean or average value of the moon's horizon-
tal paraUax is 57'2"-325 *, and the mean distance of the center
of the moon from that of the earth is 60*255 of the earth's
equatorial radii, or about 238793 miles, taking with Mr.
Adams 57' 2"-325 for the mean horizontal parallax. This
distance, great as it is, is little more than one-fourth of the
diameter of the sun's body, so that the globe of the sun
would nearly twice include the whole orbit of the moon

;

a consideration wonderfully calculated to raise our ideas of
that stupendous luminary I

(404.) The distance of the moon's center from an observer
at any station on the earth's surface, compared with its
apparent angular diameter as measured from that station, will
give Its real or linear diameter. Now, the former distance
IS easily calculated when the distance from the earth's center
IS known, and the apparent zenith distance of the moon also
determined by observation ; for if we turn to the figure of
art. 339., and suppose S the moon, A the station, ancf C the
earth's center, the distance S C, and the earth's radius C A,
two sides of the triangle A C S are given, and the angle
CAS, which is the supplement of Z A S, the observed
zenith distance, whence it is easy to find A S, the moon's
distance from A. From such observations and calculations
It results, that the real diameter of the moon is 2160 miles,
or about 0-2729 of that of the earth, whence it follows that]
the bulk of the latter being considered as 1, that of the
former will be 0-0204, or about ^. The difference of the
apparent diameter of the moon, as seen from the earth's cen-
ter and from any point of its surface, is technically called the
augmentation of the apparent diameter, and its maximum
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occurs when the moon is in the zenith of the spectator Her

mean angular diameter, as seen from the center, is 31 7 ,

and is always= 0-545 x her horizontal parallax.

(405.) By a series of observations, such as described in

art. 40;^., if continued during one or more revolutions of the

moon, its real distance may be ascertained at every point ot

its orbit ; and if at the same time its apparent places m the

heavens be observed, and reduced by means of its parallax

to the earth's center, their angular intervals wi l become

known, so that the path of the moon may then be laid down

on a chart supposed to represent the plane in which its orbit

lies, just as was explained in the case of the solar ellipse

(art. 349.). Now, when this is done, it is found that, neg-

ecting certain smaU, though very perceptible deviations of

which a satisfactory account will hereafter be rendered, he

form of the apparent orbit, like that of the sun, is elhptic,

but considerably more eccentric, the eccentricity amounting

to 0-05484 of the mean distance, or the major semi-axis of the

ellipse, and the earth's center being situated m its focus

%6.) The plane in which this orbit [^es . -t the -^F^c,

however, but is inclined to it at an angle of 5 8 48 ,
whicli

is called the inclination of the lunar orbit, and mtersects u m

L opposite points, which are called its nodes-the ascend-

ing node being that in which the moon passes from he

southern side of the ecliptic to the northern,Me descend-

Z the reverse. The points of the orbit at which the moon

ifn arest to, and farthest from, the earth, are called respec-

tively" bA- -P^^'^'
^'"^ ^"""^

the eiirth the line apsides.
ph-cum-

(407.) There are, however, several remarkable cncum

stances Ihich interrupt the closeness of the analogy, which

cannot fail to strike the reader, between the motion of the

mTon around the earth, and of the earth around the sun. In

TeTatter case, the ellipse described reniams, during a great

I 7Z the chan-es which it undergoes are not percep-

^^<^^o^ very nice observations,^ which have

disposed, it is true, the existence of perturbations,' but of
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60 minute an order, that, in ordinaiy parlance, and for
common purposes, we may leave them unconsidered. But
this cannot be done in the case of the moon. Even in a
single revolution, its deviation from a perfect ellipse is very
sensible. It does not return to the same exact position
among the stars from which it set out, thereby indicating a
continual change in the plane of its orbit. And, in effect,
if we trace by observation, from month to month, the point
where it traverses the ecliptic, we shall find that the nodes
of Its orbit are in a continual state of re^rm^ upon the ecliptic.
Suppose O to be the earth, and A 5 a that portion of the
plane of the ecliptic which is intersected by the moon, in its
alternate passages through it, from south to north, and vice
versa; and let A B C D E F be a portion of the moon's
orbit, embracing a complete sidereal revolution. Suppose it
to set out from the ascending node,
A; then, if the orbit lay all in 7rT~~-\
one plane, passing through 0, it

would have a, the opposite point a MT-----^^
in the ecliptic, for its descending ~P'
node

; after passing which, it would
"

again ascend at A. But, in fact, ^
its real path carries it not to a but nl^r,^ „ ^ ^ •

A n * /-I • .
"-^ out along a certam curve,A ±J U to C, a pomt m the ecliptic less than 180° distant

from A; so that the angle A O C, or the arc of longi-
tude described between the ascending and the descendinc
node, IS somewhat less than 180°. It then pursues its
course below the ecliptic, along the curve C D E and
rises again above it, not at the point c, diametrically opposite
to t, but at a point E, less advanced in longitude. On the
whole, then, the arc described in longitude between two
consecutive passages from south to north, through the plane
of the ecliptic, falls short of 360° by the angle A 0 E ; or
in other words, the ascending node appears to have retreated
in one lunation on the plane of the ecliptic by that amount.
10 complete a sidereal revolution, then, it must still go on to
describe an arc, E F, on its orbit, which will no longer
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however, bring it exactly back to A, but to a point some-

what above it, or having north latitude.

(408.) The actual amount of this retreat of the moon's

node is about 3' 10"-64 per diem, on an average, and in a

period of 6793-39 mean solar days, or about 18-6 years, the

ascending node is carried round in a direction contrary to the

moon's motion in its orbit (or from east to west) over a whole

circumference of the ecliptic. Of course, in the middle of

this period the position of the orbit must have been precisely

reversed from what it was at the beginning. Its apparent

path, then, will lie among totally diflFerent stars and con-

stellations at different parts of this period ; and this kind of

spiral revolution being continually kept up, it will, at one

time or other, cover with its disc every point of the heavens

Avithin that limit of latitude or distance from the ecliptic

which its inclination permits ; that is to say, a belt or zone

of the heavens, of 10° 18' in breadth, having the ecliptic for

its middle line. Nevertheless, it still remains true that the

actual place of the moon, in consequence of this motion,

deviates in a single revolution very little from what it would

be were the nodes at rest. Supposing the moon to set out

from its node A, its latitude, when it comes to F, havmg

completed a revolution in longitude, will not exceed 8'

;

which, though small in a single revolution, accumulates m its

effect in a succession of many : it is to account for, and re-

present geometrically, this deviation, that the viotion of the

nodes is devised.

(409 ) The moon's orbit, then, is not, strickly speakmg, an

ellipse returning into itself, by reason of the variation of

the plane in which it lies, and the motion of its nodes. But

even- laying aside this consideration, the axis of the ellijDse

is itself constantly changing its direction in space, as hns

been already stated of the solar ellipse, but much more

rapidly; making a complete revolution, in the same direction

with the moon's own motion, in 3232-5753 mean sokr days,

or about nine years, being about 3° of angular motion m a

whole revolution of the moon. This is the ph-Eonomenon known

by the name of tlie revolution of the moon's apsides. Its
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cause wiU be hereafter explained. Its immediate effect is
to produce a variation in tlie moon's distance from the earth
which is not included in the laws of exact elliptic motion!
In a single revolution of the moon, this variation ofdistance is
trifling; but in the course of many it becomes considerable, as
IS easily seen, if we consider that in four years and a half the
position of the axis will be completely reversed, and the apo-
gee of the moon will occur where the perigee occurred before.

(410.) The best way to form a distinct conception of the
moon's motion is to regard it as describing an ellipse about
the earth m the focus, and, at the same time, to regard this
ellipse Itself to be in a twofold state of revolution

; fst, in its
own plane, by a continual advance of its axis in that plane

;and 2dly, by a continual tilting motion of the plane itself]
exactly similar to, but much more rapid than, that of the
earth's equator produced by the conical motion of its axis,
described in art 317-

(411.) As the moon is at a very moderate distance from
us_ (astronomically speaking), and is in fact our nearest
neighbour, while the sun and stars are in comparison immenselv
beyond it, it must of necessity happen, that at one time or
other It must pass over and occult or eclipse every star and
planet withm the zone above described (and, as seen from the
surface of earth, even somewhat beyond it, by reason of
parallax, which may throw it apparently nearly a decree
either way from its place as seen from the centre, according
to the observer's station). Nor is the sun itself exempt
frtnn being thus hidden, whenever any part of the moon's
disc m this her tortuous course, comes to overlap any part
oi the space occupied in the heavens by that luminary. On
these occasions is exhibited the most striking and impressive
ot all the occasional phenomena of astronomy, an eclipse of the
sun, m which a greater or less portion, or even in some rare

were obliterated, by the superposition of that of the moon,which appears upon it as a circularly-terminated black spot,Foducing a temporary diminution of daylight, or evennocturnal darkness, so that the stars appear as if at midnight
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In other cases, when, at the moment that the moon is centrally

superposed on the sun, it so happens that her distance from the

earth is such as to render her angular diameter less than the

sun's, the very singular phenomenon of an annular solar ecbpse

takes place, when the edge of the sun appears for a few

xninutes as a narrow ring of light projectmg on all sides

beyond the dark circle occupied by the moon m its centre.

(412 ) A solar eclipse can only happen when the sun and

xnoon are in conjunction, that is to say, have the same or

nearly the same, position in the heavens, or the same Ion-

gitude. It appears by art. 409. that this condition can only

be fulfilled at the time of a new moon, though it by no means

follows, that at every conjunction there must be an echpse ot

the sun. If the lunar orbit coincided with the ediptic this

would be the case, but as it is inclined to it at an angle of

upwards of 5°, it is evident that the conjunction, or equality

of longitudes, may take place when the moon is m the pai

of her orbit too remote from the ecliptic to permit the disc

to meet and overlap. It is easy, however, to assign the

L"s within which an eclipse is possible. To this end we

;"st consider, that, by the effect of paraUax, the moon

apparent edge may be thrown in any direction, according to

ffpectatorCgeographical station, by ^ ^ceed-

inc. her horizontal parallax, and the same holds good of the sun

o^that there is a displacement to the extent ot the difference

of the two parallaxes. Now, this comes to the same (so far

as the possibility of an eclipse is concerned) as if the apparent

d am te of thJ moon, seen from the earth's centre were

diW by twice the difference of their ^^^^^n.^^^^

for if when so dilated, it can touch or overlap the sun, there

rJb an eclipse at some part or other of the earth's surface.

Tf then at the moment of the nearest conjunction, the geo-

centric distance of the centres of the two luminaries do not

exceed the sum of their semidiameters and of the last men-

ioned difference, there will be an eclipse. The sum is at its

.bnnt 1° 34" 26'. In the spherical triangle b^s M,

Th" htrs\s tl. sua. centve. M the ™oa's, SNth,
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elliptic, MN the moon's orbit, and IST the node^ we may
suppose the angle JST SM a right

angle, S M= 1° 34' 26", and the

angle MNS = 5°8'48", the in-

clination of the orbit. Hence we
calculate S N, which comes out
16° 58'. If, then, at the moment
of the new moon, the moon's node is farther from the sun
in longitude than this limit, there can be no eclipse ; if
within, there may, and probably will, at some part or other
of the earth. To ascertain precisely whether there will or
not, and, if there be, how great will be the part eclipsed,
the solar and lunar tables must be consulted, the place of
the node and the semidiameters exactly ascertained, and the
local parallax, and apparent augmentation of the moon's
diameter due to the difference of her distance from the
observer and from the center of the earth (which may
amount to a sixtieth part of her horizontal diameter), de-
termmed; after which it is easy, from the above considerations,
to calculate the amount overlapped of the two discs, and
then- moment of contact.

(413.) The calculation of the occultation of a star depends
on similar considerations. An occultation is possible, when
the moon's course, as seen from the earth's centre, carries her
within a distance from the star equal to the sum of her
semldiameter and horizontal parallax; and it will happen at
any particular spot, when her apparent path, as seen from
that spot, carries her center within a distance equal to the
sum of her augmented semldiameter and actual parallax. The
details of these calculations, which are somewhat troublesome
must be sought elsewhere.*

'

(414.) The phaenomenon of a solar eclipse and of an occul-
tation are highly interesting and instructive in a physical
point of view. They teach us that the moon is an opaque
body, terminated by a real and sharply defined surflice m-

detVdof U e eafcXit^ir? '"''"''T'
Astronomy, in whicLver;calculation will be found illustrated by numerical examples.
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tercepting light like a solid. They prove to us, also, that at

those times when we cannot see the moon, she really exists, and

pursues her course, and that when we see her only as a

crescent, however narrow, the whole globular body is there,

filling up the deficient outline, though unseen. For occulta-

tions^'take place indiff'erently at the dark and bright, the

visible and invisible outline, whichever happens to be towards

the direction in which the moon is moving ;
with this only

difference, that a star occulted by the bright limb, if the

phgenomenon be watched with a telescope, gives notice, by

its gradual approach to the visible edge, when to expect its

disa^ppearance, while, if occulted at the dark limb, if the

moon, at least, be more than a few days old, it is, as it were,

extinguished in mid-air, without notice or visible cause for

its disappearance, which, as it happens instantaneously, and

without the slightest previous diminution of its light, is

always surprising ;
and, if the star be a large and bright one

even startling from its suddenness. The re-appearance of

the star, too, when the moon has passed over it, takes place

in those cases when the bright side of the moon is foremost,

not at the concave outline of the crescent, but at the

invisible outline of the complete circle, and is scarcely less

surprising, from its suddenness, than its disappearance m

the other case.*
r .1 ^

(415 ) The existence of the complete circle of the disc,

even when the moon is not full, does not, however, rest only

on the evidence of occultations and eclipses. It may be

* There is an optical ^ff^^:^^^^;:;^^::.
which has of'^^l'--!;-'":?^'^/:/;."

.f^c befo e U disappears, and that

actually and
/^'^.^^^^'^f fi^,: never myself witnessed this singu^

sometimes to a '^""^''i'^'-^';^'^

'''l''''^.;
„V'73'^^^^^^^ I have called it an optical

effect, but it rests on
"'-'^^f.^lXrfstar bine on such occasions through

illusion; but It ^^''^'^'VP^' '^^''^'"'^^^^^^^ occultations of close double
deep fissures m the

-^'^^'-^VaL ^V",";
'

^ whether hoth individuals are thus

'*'"^.:^'
s w'll ^s for oti Xsf; connected with their theory. 1 will only

projecUd, as
'^"^'^f';"'

° ,
'

/^^o ^^ose to be seen divided with any telescope,

^'erbLl'ie t^d ^elK^ "-^e of its disappearance. ShouUl a

'"'^
^^fraWetar>r instance, instead of undergoing instantaneous and con,^

considerable st.n^ to.
^^^^^^^ .^^^ „„^^., ,,,,

extinction, go^ut by t

,„^„i„der of its light, we may be sure . .s a

Se sE thotS' - cannot see the individuals separately Ac. io

edit. 0/1833.
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seen, when the moon is crescent or waning, a few days before
and after the new moon, with the naked eye, as a pale round
body, to which the crescent seems attaclied, and somewhat
projecting beyond its outline (which is an optical illusion
arising from the greater intensity of its light). The cause
of this appearance will presently be explained. Meanwhile
the fact is sufficient to show that the moon is not inherenthj
luminous like the sun, but that her light is of an adventitious
nature. And its crescent form, increasing regularly from
a narrow semicircular line to a complete circular disc, cor-
responds to the appearance a globe would present, one
hemisphere of which was black, the other white, when
differently turned towards the eye, so as to present a greater
or less portion of each. The obvious conclusion from this is
that the moon is such a globe, one half of which is brightened
by the rays of some luminary sufficiently distant to enlio-hten
the complete hemisphere, and sufficiently intense to o-fve it
the degree of splendour we see. J^ow, the sun alone is
competent to such an effect. Its distance and lio-ht suffice •

and moreover, it is invariably observed that, when°a crescent'
the bright edge is towards the sun, and that in proportion as
the moon in her monthly course becomes more and more
distant from the sun, the breadth of the crescent increases
and vice versa.

'

(416.) The sun's distance being 23984 radii of the earth
and the moon's only 60, the former is nearly 400 times the
latter. Lines, therefore, drawn from the sun to every part
of the moon's orbit may be regarded as very nearly parallel *

buppose, now, 0 to be the earth, ABCD, &c various
positions of the moon in its orbit, and S the sun, at the vast
distance above stated; as is shown, then, in the fio-ure the
hemisphere of the lunar globe turned towards it°(on theright) wi 1 be bright, the opposite dark, wherever it mavstand in its orbit. Now, in the position A, when in coZjunction with the sun, the dark part is entirely turnedtowards 0, and the bright from it. In this case, In, the

Jc of^thtSr-^riJ n' " the mean
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• . wVipn the moon lias come

.nted to O, and the .a^e in the^^^^^^^ Tn
are the fl«t and third quarters of *e moon La.t^^

tfL'Sl.— ^^^^

fit vllhes altogether, as it comes .ound a^m to A

as they are caEed, ause, '
^^d reflectii>g

hody, being Ulnminated on one = d^^y the . ,

from it, in all "^;,£r; a soH -bstance thus

Nor let It be thought ="P"™= , jUuminate the

illuminated should appear «^ landing off

earth. It is no more than^a "'^
be

upon the elear blue sky. By day, the

dLinguished in brightness f^o^^l^l^ „f the sun

dusk of the evening, cloudsf J,he seeming

appear with a dazzling ¥™a°ur. "
^^^^ ^^^^^ ^^^^^

rtrron"^;;- p-^-^-
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reason of its greater apparent size*, is agreeable to optical
principles, and explains the appearance of the dark portion
of the young or waning moon completing its crescent (art.
41d). J^or, when the moon is nearly new to the earth, the
latter (so to speak) is nearly fuU to the former; it then
Illuminates its dark half by strong earth-light; and it is a
portion of this, reflected back again, which makes it visible
to us m the twilight sky. As the moon gains age, the earth
offers It a less portion of its bright side, and the phenomenon
in question dies away. The light of the full moon is esti-
mated by Bouguer on the result of photometric comparisons,
as only one 300000th part of that of the sun

(418 )
The lunar month is determined by the recurrence

of Its phases: it reckons from new moon to new moon; that
la, from leaving Its conjunction with the sun to its return to
conjunction. If the sun stood still, like a fixed star, the

peiiod of the moon's sidereal revolution (art. 401.); but asthe sun apparently advances in the heavens in the same
direction with the moon, only slower,, the latter has mo ehan a complete sidereal period to perfor.n to come up withhe un again, and will require for it a longer time, which isthe lunar month, oi, as it is generally termed in astronomy asynod^cal period. The difference is easily calculated by con!xdenng that the superfluous arc (whatever it be) is describ d

t me that the moon describes that arc plus a complete revolu-
lon, with her velocity of 13M7640 diem; and, the timesof description being identical, the spaces are to each other inthe proportion of the velocities. Let V and v be the meanangular daily motions of the sun and moon as above . hesuperfluous arc; then V : . : : 360V:. : and Y-v.l::
360°

: whence . is found; and ^ =the time in days in which

thesundescribesthearc.,thatis,thesynodicalperiod=^

seen wThrroJ'rsLliJr if ^'^^ ^^"^ °^ -J
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= . if P,P are the periodic times of each separately,

,yhich reduced to numbers, givee, 29 56msy

'"(lie.) Supposing the portion of the n*s o^th^moon.

orbit Jpermit it, when the ^^-^^ 'el'srays,

„„ou), it will t hand, when at E
and cause a solai eclipse, w

intercept the rays of

the sun and ^ast^

f^^ ^^^^^^
echpses

lunar echpse.
^^^^^ .^^^ the full moon. But,

never happening but at l^e

'^^H ,f ,be position

.hat is still more remarkable s confa y

of the earth's sphenci y, this shadow
,^,„,oon,

to enter upon^;^^;:2^^^M, ''''

is always terminated by a c rcu
^^^^ ^^^^

greater .i^e of the circle i is only P y
^^^^^^^

time. Now, a body which always casts

Biust itself be ^Pl^e^f •

best understood by re-

(420.) Eclipses of the sun are
^« i^inaries,

garding tl^e sun and moon
-^^jf^^a ^iewed from the

^ach moving according to

^-^^l'^^^^ ..^pses generally

earth ;
but it is

f^^^fl'^M^^^^^^
as arising from the shadow

then, A B to

a luminary m«c7i Zar^^r to e.^^^^- ^^P?

or moon,
illuminated by it. it w j

^^.^^ ^^^^^ ^ ,
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Size, and Mdthin the space C E D (which represents a conesznce C D and A B are spheres), there will be a total shadowTh shadow .s called the un.ira, and a spectator situated^vithin .t can see no part of the sun's disc. Beyond theumbra are two diverging spaces (or rather, a i^ort on of asing e conical space, having K for its vertex), where if a

("purtr^
as at M, he wiH see a ^^ortioT o.';

(A O ^ P) of the sun's surface, the rest (B 0 N P) beinaobscured bj the earth. He will, therefore, recefve o2partial sunshine; and the more, the nearer he o Zexterior borders of that cone which is called fh! .

(421.) In a lunar eclipse (represented in the upper ficure^he moon « seen to enter- the penuMra iirft and hi'degrees, get inrolved in the umira f1,„ f \ ,
^

the latter like a smoky ha. It thi',

*''^'^°™;\''«fei"g

and while yet a considerable part rf h"^

obscured, the portion involven the
^15"°°°

,

the naked eye, though still pel1Me L ,
'°

a dark grey hu* But as 'the Sse^^'^I'^' 'ff
enlightened part diminishes in extent tn'r

'''

Nation, thrlTh ;„t:: ^'"f
'^'-'^ but rapid'gra-

tto that of d!ll red-hot iron 7 1 ''"PP.-""'"""'' S'"'''

^

.-spreads over ..e::ors„rte^\:'-~
^^^^

T 2
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H

through the centers E S ot the ea
^^^^^^

be a section of these cones at a distance
^^^^

to the -^^--of
°tce E tl^^ distance of the

Taking this radius for umty, since i. ,

^^^^^^

3un, is 23984, and f^--^^I^^ / ^ M= 158, for the

units we readily calculate D E-21b, -L' ^

^

..i„.,,K, nxaffcerutcd. i"'-
violently exaggerated

proportions.
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distances at which the apex of the geometrical umbra lies
behind the earth and the moon respectively. We also find
for the measure of the angle E D B, 15' 46", and therefore
D B E=89° 44' 14", whence also we get M C (the linear
semidiameter of the umbra)= 0-125 (or in miles 2868), and
the angle C E M, its apparent angular semidiameter as seen
from E=41' 32". And instituting similar calculations for
the geometrical penumbra we get M K= 1-280 (5064 miles)
and K E M 1° 13' 20"

; and it may be well to remember
that the doubles of these angles, or the mean angular diame-
ters of the umbra and penumbra, are described by the moon
with its mean velocity in 2»> 46°", and 4'' 56" respectively,
which are therefore the respective durations of the total and
partial obscuration of any one point of the moon's disc in
traversing centrally the geometrical shadow.

(423.) Were the earth devoid of atmosphere, the whole of
the phfenomena of a lunar eclipse would consist in these
partial or total obscurations. Within the space C c the
whole of the light, and within K C and c ^ a greater or less
portion of it would be intercepted by the solid body B b
of the earth. The refracting atmosphere, however, extends
from B ^, to a certain unknown, but very small distance
BB.,bh, which, actmg as a convex lens, of gradually (and
very rapidly) decreasing density, disperses all that com-
paratively small portion of light which falls upon it over a
space bounded externally by H g, parallel and very nearly
coincident with B F, and internally by a line B z, the former
representing the extreme exterior ray from the limb a of the
sun, the latter, the extreme interior ray from the limb A.
To avoid complication, however, we will trace only the
courses of rays which just graze the surface at B, viz. : B z
from the upper border. A, and B y from the lower, a, of the
sun. Each of these rays is bent inwards from its original
course by double the amount of the horizontal refraction
(33 )

i.e. by r 6', because, in passing from B out of the
atmosphere, it undergoes a deviation equal to that at enterlno-
and in the same direction. Instead, therefore, of pursuing
die courses B D, B F, tliese rays respectively will occupy
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the positions Bzj/,B making, with the aforesaid lines, the

angles D B y, E B each V 6'. Now we have found

D B E= 89° 44' U" and therefore FBE(= i>l>-l^^ +

angular diam. of 0)= 9O° 16' 17"; consequently the angles

E B V and E B . wHl be respectively 88° 38' 14- and

89° 10' 17", from which we conclude E z= 42-04 and h v-

69-14 • the former falling short of the moon's orbit by 17-96,

and the latter surpassing it by 9-14 radii of the earth

(494 ) The penumbra, therefore, of rays refracted at ii,

will be spread over the space v B y, that at H over g H d

and at the intermediate points, over similar intermediate

spaces, and through this compound of superposed penumbra

the moon passes during the whole o its path through the

geometrical shadow, never attaining the absolute umbra B . h

"t all Without going into detail as to the intensity of

he fracted rays,^t il evident that the totality of hgU so

thrown into the shadow is to that which the earth intercepts

as the area of a circular section of the atmosphere to that o

a diametrical section of the earth itself, and, there oi-e, at a

vents but feeble. And it is still further enfeebled by actu

clouds suspended in that portion of the - -1-^
f-^^^^^

visible border of the earth's disc as seen from the moon, as

well as bv the general want of transparency caused by m-

Tsible valour, which is especially effective in the lo.-ernio.t

t at vi hin three or four nules of the surface, and which

w it impart to all the rays they transmit the ruddy hue o

Tunset only of douUe the deptli of tint wh>ch we admire m

our
'Wn^ sisets, by reason of the rays having to traverse

"
ce a "°eat a thickness of atmosphere. This i-edness will

h mo:t intense at the points ^f the moon's path thi^ug^i

the umbra, and will thence degrade very i^apidly outwardly

over the spaces . C, y c, less so inwardly, over .y. And at

C its hue will L mingled with the bluish or greemsh

itht which the atmosphere scatters by irregular d.spersicm

r n other words by our noiUgUt (art. 44.). Nor will

!;^::St£^d^^o^"^^
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fi. e. around that great circle of the earth, in which, at the
moment the sun is in the horizon,) little or no refracted llo-ht

may raach the moon.* Supposing that circle partly clouded
and partly clear, patches of red light corresponding to the
clear portions will be thrown into the umbra, and may give
rise to various and changeable distributions of light on the
eclipsed discf; while, if entirely clear, the eclipse will be
remarkable for the conspicuousness of the moon during the
whole or a part of its immersion in the umbra, f

(425.) Owing to the great size of the earth, the cone of its
2imira always projects far beyond the moon ; so that, if, at
the time of

^

a lunar eclipse, the moon's path be properly
directed, it is sure to pass through the iimbra. This is not,
however, the case in solar eclipses. It so happens, from the
adjustment of the size and distance of the moon, that the
extremity of her umbra always falls near the earth, but some-
times attains and sometimes falls short of its surface. In the
former case (represented in the lower figure, art. 420.) a black
spot, surrounded by a Winter shadow, is formed, beyond
which there is no eclipse on any part of the earth, but within
which there may be either a total or partial one, as the
spectator is within the umbra or penumbra. When the apex
of the umbra falls on the surface, the moon at that point will
appear, for an instant, to Just cover the sun

; but, when it
falls short, there will be no total eclipse on any part of the
earth

;
but a spectator, situated in or near the prolongation

of the axis of the cone, will see the whole of the moon on
the sun, although not large enough to cover it, i. e. he will
witness an annular eclipse, a phoenomenon to which much
mterest is attached by reason of some curious optical phjeno-
mena first observed by Mr. Baily at the moments of the
tormmg and breaking of the annulus, like beads of light

totally iS;:::;:i?/i4er ''''' °"

t As'infhat';?r°f observed by the author.

Hght" dunng more^f Z^'" ^""^ ''-""^^d - giving "good
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alternating with black thready elongations of the moon's

limb, known by the name of " Baily's beads

(426 ) Owing to a remarkable enough adjustment of the

periods in which the moon's synodical revolution, and that ot

her nodes, are performed, eclipses return after a certam

period, very nearly in the same order and of the same

mao-nitude. For 223 of the moon's mean synodical revolu-

tions, or lunations, as they are called, will be found to occupy

6585-32 days, and nineteen complete synodical revolutions

of the node to occupy 6585.7«. The difference m the mean

position of the node, then, at the begmmng and end of 223

iunations, is nearly insensible; so that a

f^^^^
eclipses within that interval must take place. Accoidingl)

,

this period of 223 lunations, or eighteen years and ten days

is a very important one in the calculation of echpses. It i.

supposed to have been known to the Chaldeans the easiest

Snomers, the regular return of eclipses having been

k~ a physicaHact for ages before their exact theory

tas understood. In this period there occur ordinarily 70

Icl pses, 29 of the moon, and 41 of the sun, visible in some

Si the earth. Seven eclipses of either sun or moon a

most, and two at least (both of the sun), may occur in a

^'(427 ) The commencement, duration, and magnitude of a

Jar iipsea. much mc«.e.i^e^^

t^aS:t^::~-r"t^^^^
* „f +1,^ „mhra and penumbra lies aiwaj s

The common center of the ?
j ^^^^ jh

in the ecliptic, at a pomt °PP»-^« '°
-.^ irbit

described by the moon m passn^ * ou •>

^ „
as it stands at the ™m nt of theJuU

^^^^^ ^^^^^^

its position, at every
'"f '

J^^^Xefore, to ascertain, is,

, . Ten er of the shadow is exactly equal to the sum of the

umbra, to linow
^ moment

spectively. No lunar eclipse can take place, it,
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of the full moon, the sun be at a greater angular distance
from the node of the moon's orbit than 11° 21', meaning by
an eclipse the immersion of any part of the moon in the
umbra, as its contact with the penumbra cannot be observed
(see note to art. 421.).

(428.) The dimensions of the shadow, at the place where
it crosses the moon's path, require us to know the distances
of the sun and moon at the time. These are variable; but
are calculated and set down, as well as their semidiameters,
for every day, in the ephemeris, so that none of the data are'

Avanting. The sun's distance is easily calculated from its

elliptic orbit; but the moon's is a matter of more difficulty,

by reason of the progressive motion of the axis of the lunar
orbit. (Art. 409.) Both, however, are readily obtained
from the ephemeris for every day ; the sun's distance being
given explicitly and the moon's implicitly, from her tabu-
lated apparent diameter.

(428 a.) It deserves to be mentioned that the moon may
be seen eclipsed while the sun is yet above the horizon by a
spectator properly situated, so that both luminaries being
on his mathematical horizon shall be raised above it by
refraction, which (art. 43.) exceeds the apparent diameter
of either. This singular conjuncture of circumstances is

said to have been observed from Montmartre, near Paris,
by the assembled academicians of that city in a.d. 1668.

(428 b.) The full moon which happens on or nearest to the
2

1 St of September is called the harvest moon, because it

rises from night to night, after the full, more nearly after
sunset than any other full moon in the year, and is therefore
favourable for evening work in carrying in the late crops.
Suppose the full moon to happen on that day (the time of
the autumnal equinox) the sun is then entering Libra, and
the moon Aries, the former setting due west, the latter
nsmg due east; the southern half of the ecliptic is then
entirely above and the northern below the horizon, and the
ecliptic Itself makes then the least possible angle with the
horizon. In advancing then 12°, or one day's motion, alono-
the echptic (or along its own orbit, which is not much m-
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cllned to it) it will become less depressed below the horizon

and have, therefore, a less hour angle to travel over by the.

diurnal x^otion after sunset the next night to brmg it into

V ew han at any other time. The most favourable havvest

Zn is when the full moon, falling on the 21st of Septembe^

happens at the same time to be in the ascending node of her

orbit, which then coincides with the vernal equmox

(429.) The physical constitution of the moon is better

known 0 us than that of any other heavenly body By the

aid of telescopes, we discern inequalities in its

can be no other than mountains and valleys, -for this plain

rein that we see the shadows cast by the former m the

exact p-oportion as to length which they ought to have when

le ake into account the inclination of the sun s rays o t^^at

,,nrt of the moon's surface on which they stand. The con ex

and verv nearly smooth ,
but tne oppuo

,„^,«,,p^

observed to u j
mountains near this edge

•1 +i.nf +ViP sun is in the act ot rising oi se^uu^

we consider that tne sun is i

.1 ovf= nf the moon so circumstanced. But as tne en

seen - ^P^^tt of Ae^dows of the more conspicuous

sures of the lengths ol
f^„„rable circumstances,

mountains, taken
ealculated. Mess.-s.

theheightBof many of heml ave be

Beer and Maedle,, - / , J,„g from such

Mond," have
f o9°5 lunar moun'tains. among

measurements, for no lcs»
^ ^^^^ ^^.^^^
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partj which are then- tops catching the sun-beams before the
intermediate plain, and which, as the light advances, at length
connect themselves with it, and appear as prominences from
the general edge.

(430.) The generality of the lunar mountains present a
striking uniformity and singularity of aspect. They are
wonderfully numerous, especially towards the southern portion
of the disc, occupying by far the larger portion of the surface,
and almost universally of an exactly circular or cup-shaped
form, foreshortened, however, into ellipses towards the limb;
but the larger have for the most part flat bottoms within,
from which rises centrally a small, steep, conical hill. They
offer, in short, in its highest perfection, the true volcanic
character, as it may be seen in the crater of Vesuvius, and in
a map of the volcanic districts of the Campi Phlegreei* or
the Puy de D6me, but with this remarkable peailiarity,
VIZ.

:
that the bottoms of many of the craters are very deeply

depressed below the general surface of the moon, the internal
depth being often twice or three times the external height.
In some of the principal ones, decisive marks of volcanic
stratification, arising from successive deposits of ejected matter,
and evident indications of lava currents streaming outwards
in all directions, may be clearly traced with powerful tele-
scopes. (See PI. V. fig. 2.)t In Lord Rosse's magnificent
reflector, the flat bottom of the crater called Albategnlus is
seen to be strewed with blocks not visible in inferior tele-
scopes, while the exterior of another ( Aristlllus) is all hatched
over with deep gullies radiating towards its center. What
is, moreover, extremely singular in the geology of the moon
is, that, although nothing having the character of seas can
be traced, (for the dusky spots, which are commonly called
seas when closely examined, present appearances incom-
patible with the supposition of deep water,) yet there are
iarge regions perfectly level, and apparently of a decided
alluvial character; as there are also here and there, chains
ot mountams whose appearance suggests no suspicion of
volcanic origin. [See (430 a) in Note H].

t SomfdtwbrtPkl*'^^t"'''°fl''°''^"P'^^'«"^ Desn.arc.sfs of Auvergne.awing taken with a reflector of twenty feet focal lergth (/,).
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(431.) We perceive on the moon no clouds, nor any other

decisive indications of an atmosphere. Were there any, it

could not fail to be perceived in the occultations of stars and

the ph£Bnomena of solar eclipses, as well as in a great variety

of other phfenomena. The moon's diameter, for example, as

measured micrometrically, and as estimated by the mtervai

between the disappearance and reappearance of a star m an

occupation, ought to differ by twice the horizontal refraction

at the moon's surface. Xo appretiable difference being per-

ceived, we are entitled to conclude the non-existence of any

atmosphere at its edge dense enough to cause a refraction of

1" i e havino- one 1980th part of the density of the earths

atmosphere. °In a solar eclipse, the existence of any sensible

refracting atmosphere in the moon, would enable us to trace

the limb of the latter beyond the cusps, externally to the

sun's disc, by a narrozo, hut brilliant line of light, extending

to some distance along its edge. No such phenomenon is

seen. Very faint stars ought to be extinguished before

occupation, were any appretiable amount of vapour suspended

near the surface of the moon. But such is not the case ;

when occulted at the bright edge, indeed, the light of he

moon extinguishes small stars, and even at the dark hmb, the

glare in the sky caused by the near presence of the moon

renders the occultation of very minute stars unobservable. But

durin- the continuance of a total lunar eclipse, stars of the

tenth^nd eleventh magnitude are seen to come up to the

limb, and undergo suclder. extinction as well as those of greater

brightness.* Hence, the climate of the moon -"^^ be

extraordinary ; the alternation l^eing that o—
^^^^^^^^^

burning sunshine fiercer than an equatorial -oo^ZTflr
for a whole fortnight, and the keenest severity of fro.t fa

exceeding that of our polar winters, for an equal time, buch

disposition of things must V^^^]^^^ ^~
whatever moisture may exist on its surface, from the pom

Teneath the sun to that opposite, by distillation m vacuo afte

the manner of the little instrument called a cryophorus. Ihe

consequence must be absolute aridity below the vertical sun,

* As observed by myself in the eclipse of Oct. 13. 18S7.
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constant accretion of hoar frost in the opposite region, and,
perhaps, a narrow zone of running water at the borders of
the enlightened hemisphere.* It is possible, then, that evapo-
ration on the one hand, and condensation on the other, may
to a certain extent preserve an equilibrium of temperature,
and mitigate the extreme severity of both climates ; but this
process, which would imply the continual generation and
destruction of an atmosphere of aqueous vapour, must, in con-
formity with what has been said above of a lunar atmosphere,
be confined within very narrow limits.

(432.) Though the surface of the full moon exposed to us
must necessarily be very much heated,— po^siblr/ to a degree
much exceeding that of boiling water,— yet we feel no heat
from it, and even in the focus of large reflectors, it fails to
affect the thermometer. No doubt, therefore, its heat, (con-
formably to what is observed of that of bodies heated below
the point of luminosity,) is much more readily absorbed in
traversing transparent media than direct solar heat, and is

extinguished in the upper regions of our atmosphere, never
reaching the surface of the earth at all. Some probability
is given to this by the tendency to disappearance of clouds
under the fill moon, a meteorological fact, (for as such we
tliink it fully entitled to rank f,) for which it is necessary to
seek a cause, and for which no other rational explanation
seems to oflfer. As for any other influence of the moon on
the weather, we have no decisive evidence in its favour.

(433.) A circle of one second in diameter, as seen from the
earth, on the surface of the moon, contains about a square
mile. Telescopes, therefore, must yet be greatly improved,
before we could expect to see signs of inhabitants, as manifested
by edifices or by changes on the surface of the soil. It should,
however, be observed, that, owing to the small density of the

* So in ed. of 1 833.

o'^'"^'-'.tion», made quite independently of any know-

n Ws Per
'

t M ^ ''^''"F
"thers. Humboldt, however,

of S;anirrme^r ^'"'^'^ °' " "'^'^ '°

A^L^Z^'J^Z":^^^^^ rain, registered as having fallen

near the new°J ' u ' preponderance m respect of quantity fall,

"d necessary " '''''f
''''' ^""^ f""' ^1- would' be a nLura

and forms, the S^l^^.^d LT^'r r'"' ^'"-"f-
.^"^y "^out the full,i-iore, part and parcel of the same meteorological fact.
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materials of the moon, and the comparatively feeble gravitation

of bodies on her surface, muscular force would there go six

times as far in overcoming the weight of materials as on the

earth. Owing to the want of air, however, it seems im-

possible that any form of life, analogous to those on earth, can

subsist there. No appearance indicating vegetation, or the

slightest variation of surface, which can, in our opinion, fairly

be°ascribed to change of season, can any where be d.scerned

C434 ) The lunar summer and winter arise, m tact, tiom

the rotation of the moon on its own axis, the period of which

rotation is exactly equal to its sidereal revolution about the

aXand is performed in a plane 1° 30' inchned to tlve

ecliptic whose ascending node is always precisely coincident

^12e descending node of the lunar orbit. So that the axis

f otation describes a conical surface about the pole of

ecliDtic in one revolution of the node. The remarkable

Sence of the two rotations, that about the axis and

Tt about the earth, wMch at first sight would seem pe -

fectly dLinct, has been asserted (but we think somewh

: hastily*) 'to be a consequence of the genera laws to b

explained hereafter. Be that how it may, it is the cause

w4 we always see the same face of the moon, and have no

knowledge of the other side.f _ -c ^ . K„t

TsS) The moon's rotation on her axis is uniform
,

but

sinie her motion in her orbit (like that of the sun) is not so

we are enabled to look a few degrees round the equatorial

^.r:;hervi.bleb.der,on^thee^^

according to
^^^^^^^^^^ a little

ttLtior^omtt^^^^^^
rurtrto tl.e east or westward. And, moreover, since the

on its own axis, that P^-
"^^^^^^^^ ZiK Should any of our readers b.

keeping the same face ;-y^^•°^^^^^^ to plant a staff upright in the ground

in this predicament, recommend mi y
, ^„ ^ as possible,

:::,dl gra^^ing ^-^''^^ITt'j:^^^ ^^'tH^Z uListakeaWe sensation of

with his face always
^ »\^5,,fv Wm of the fact of his rotation on h.s own a^s

giddiness will effectually f'^Jy^^'^JJ and carrying a compass m Ins

I , .ay walk , a -ee al. a>s f
. ^ .

^^^^ .^^^.^^

uls^inLrSoet not turn upon his own center.
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axis about which she revolves is neither exactly perpendicular
to her orbit, nor holds an invariable direction in space, her
poles come alternately into view for a small space at the edges
of her disc. These {jhEenomena are known by the name of
lihrations. In consequence of these two distinct kinds of
libration, the same identical point of the moon's surface is not
always the center of her disc, and we therefore get sight of a
zone of a few degrees in breadth on aU sides of the border,
beyond an exact hemisphere.

(436.) If there be inhabitants in the side of the moon
turned towards us, the earth must present to them the extra-
ordinary appearance of a moon of nearly 2° in diameter,
exhibiting phases complementary to those which we see the
moon to do, but immovahhjfixed in their shy, (or, at least,
changing its ajjparent place only by the small amount of the
hbration,) while the stars must seem to pass slowly beside
and behind it. It will appear clouded with variable spots,
and belted with equatorial and tropical zones correspondino-
to our trade-winds

; and it may be doubted whether, in their •

perpetual change, the outlines of our continents and seas can
ever be clearly discerned. During a solar eclipse, the earth's
atmosphere will become visible as a narrow, but brio-ht
lummous ring of a ruddy colour, where it rests on the earth',
gradually passing into faint blue, encircling the whole or part
of the dark disc of the earth, the remainder being dark and
ragged with clouds.

(436 a.) On the subject of the moon's habitability, the
complete absence of air noticed in art. (431.), if general over
her whole surface, would of course be decisive. Some con-
siderations of a contrary nature, however, suggest them-
selves in consequence of a remark lately made by Prof.
Hansen, viz., that the fact of the moon turning always the
same face towards the earth is in all probability the result of
an elongation of its figure in the direction of a line joinino-
the centers of both the bodies acting conjointly with a non-
coincidence of its center ofgravity with its center of symmetry
io the middle of the length of a stick, loaded with a heavy
weight at one end and a light one at the other, attach astring, and swing it round. The heavy weight will assume and
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.^ntala aposUiouin0.e

from the hand than the lighter, inis is noi- ^1 /

Zt iLs place in the xnoon. Anticipating to a cei.ain

Ixtent what he will find more fully detailed m the_ nex

chanter the reader may consider the moon as retained m h r

Stint the earth by some coercing po^-nalog^^^^^^^^

th^t which the hand exerts on the componnd mass above

d"d through the string. ^-^f^'^^^Tt
up of materials not homogeneous, and so ^^'VO^f'l^

interior that some considerable P-P^^^f^'^^
should exist exeentrically situated :

then it will be easily

p;:lnded that the portion of its surface nearer o tha

heavier portion of its solid content, under aU the circum

mass it
^^^Y^+hp oenter of figure or to the central point

not the nearest to the ^e^tei o^

^ center of

nP the mere space occupied by the moon, uut t

1*r or what k called in mechamo. the eenter of gravity

?:rwkhefor.e.^erea„^^^^

Se"the greater.he e—^^^^^^^^

gravity. Suppose then '""^^ °'
, fo^y ,nile.,

exeentrieity should aauouut to ^^V^^lr knd (or th^

.ueh would be the general elevation of the luna 1 \

portion turned earthwards) above its ocean,
^^to be

'i-that portion of the moon we see
"^tea lTve

rratLT t whoso upper portions at an altitude

::h as Tr.:i co;templati„g, would be of excessive
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tenuity, especially should the lunar provision of air be less

al)undant in proportion than our own. It by no means
follows, then, from the absence of visible indications of water
or air on this side of the moon, that the other is equally
destitute of them, and equally unfitted for maintainino-
animal or vegetable life. Some slight approach to such 1
state of things actually obtains on the earth itself. Nearly
all the land is collected in one of its hemispheres, and much
the larger portion of the sea in the opposite (art. 284.). There
is evidently an excess of heavy material vertically beneath
the middle of the Pacific ; while not very remote from the
point of the globe diametrically opposite rises the great
table-land of India, and the Himalaya chain, on the summits
of which the air has not more than a third of the density it
has on the sea-level, and from which animated existence is
for ever excluded.

(437.) The best charts of the lunar surface are those of
Cassini, of Eussel (engraved from drawings, made by the aid
of a seven feet reflecting telescope,) the seleno-topographical
charts of Lohrmann, and the very elaborate projection of Beer
and Maedler accompanying their work already cited. Madame
Witte, a Hanoverian lady, has recently succeeded in pro>
ducmg from her own observations, aided by Maedler's charts
more than one complete model of the whole visible lunar
hemisphere, of the most perfect kind, the result of incredible
diligence and assiduity. Single craters have also been
modelled on a large scale, both by her and Mr. Nnsmjth
StiU more recently (1851-1863), photography has been
applied with success to the exact delineation of the lunar
surface, by Mr. Whipple, using for this purpose the great
i raunhofer equatorial of the Observatory at Cambridge,
U.S.

;
by Mr. Hartnup, with the equatorial of the Liverpool

Observatory
; but more especially by Mr. Delarue, with an

equatorially mounted Newtonian reflector of 13 inches
aperture and 1 0 feet focal length.* [See § (437a) in Note I.]

T7
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CHAPTER Vin.

.r rT,*VTTY — OF THE LAW OF UNIVERSAL GRA-

OF TERRESTRIAL aRAYITY. Or iii

^^p.reNT — REAL—
n,,^^ PATHS Oi? PROJECTILES ;

APPARENl
VITATION. — PATHb ur

pt? AVITY. — ITS LAW

™™-nON - ..WSOK ...^^^^^ ^^^^^
_

EARTH ROUND THE SUN IJN ^
^.^^^ _ T>FNSITT OF THE

cTTN — FORCE OF GRAVITY Ai ^ o

EFFECT OF THE SUN ON THE MOON'S MOTION.

^,38.) THE reader has HOW been
^fl^^^^'ttX^^^

chief phenomena of the -otions of the ^^
r,^ +l.Pstm and of the moon about the eaitn. vv «

round the sun ana
^^^^ ^^^^^^^

next to speak ot ttie pnysicd
T^^ossive bodies so

perpetuates these motions, and ^^^^^^^ jXIc.ions they

Lv^olving to deviate— ,"^^61-^ law

would naturally seek to foUow, m V^f^-^'l^'

of motion*, and bend their com-ses mto cmves

their centers. , -made bv meta

(439.) Whatever attempts may have been ^^^^

effect, and trittei it uow
conception of some

• Prinoip. Lex. 5.
j T^a- „f " i work of great acuteness and subtlety

+ See Brown « On Cause and Effect. -^ ^^"^^ J^^^ train of argument .s

of Reasoning on some ponUs,
j'^'^'^Ji^^

^ distinct and im-

vitiated by one enormous oversight
;
the

f^" ;„,,„tion of that sequence of

Cdiate personal consciousness
"//"'-"''t! ;is mad" to terminate in the mot.on of

l/7bv which tlie volition of the mmd is ninoe
intcnCion

ma ria/ob -ts. I mean tl-/°n---ren^^ Z2X to accomplish f^^^l^^Z^^lLL contraction of muscles on
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to say) been regarded as an achievement of no common merit
in the annals of this branch of pliilosophy. It is our own
immediate consciousness of effort, when we exert force to put
matter in motion, or to oppose and neutralize force, which
gives us this internal conviction of power and causation so far
as it refers to the material world, and compels us to beheve
that whenever we see material objects put in motion from
a state of rest, or deflected from theh- rectihnear paths and
cnanged m their velocities if already in motion, it is in conse-
quence of such an efeort somehoia exerted, though not accom-
panied with our consciousness. That such an effort should be
exerted with success through an interposed space, is no doubt
difficult to conceive. But the difficulty is no way alleviated
by the mterposition of any kind of material communication.
Ihe action of mind on matter admits of no explanation in
Avords or elucidation by parallels. We know it as a fact, but
are utterly incapable of analysing it as a process.

(440.) AU bodies with which we are acquainted, when
raised into the air and quietly abandoned, descend to the
earth's surface in lines perpendicular to it. They are there-
fore urged thereto by a force or effort, which it is but reason-
able to regard as the dhrect or indii-ect result of a consciousness
and a will existing somewhere, though beyond our power to
trace, which force we term gravity, and whose tendency or
direction, as universal experience teaches, is towards the
earth's center

;
or rather, to speak strictly, with reference to

its sjDheroidal figure, perpendicular to the surface of stUl water.
But if we cast a body obhquely into the ak, this tendency^
though not extinguished or diminished, is materiaUy modified
in its ultunate effect. The upward impetus we give the stone
IS, it is true, after a thne destroyed, and a downward one
communicated to it, which ultimately brings it to the surface,
where it is opposed in its further progress, and brought to
rest. But aU the while it has been continuaUy deflected or
bent aside from its rectilinear progress, and made to describe
acmwed line concave to the earth's center; and having a
Highest point, vertex, or apogee,]ust as the moon has in its orbit
where the direction of its motion is perpendicular to the radius!

(441.) When the stone which we fling obliquely upwards
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meets and is stopped in its descent by the earth's surface its

motion is not moards the center, h^xt inclined to the earths

radius at the same angle as when it quitted our hand. As

we are sure that, if not stopped by the resistance of the earth,

it would continue to descend, and that obliquely, ^l^^t Pre-

sumption, we may ask, is there that it would ever reach the

center towards winch its motion, in no part of xts visible

course, was ever directed ? What reason have we to beheve

that it might not rather circvilate round it, as the moon does

round the earth, returning again to the point it ^^t «ut from

after completing an elliptic orbit of which the eai-ths center

occupies the lower focus ? And if so, is it not reasonable to

imacme that the same force of gravity ma^/ (since we know

that°it is exerted at all accessible heights above the surface

and even in the highest regions of the atmosphere) extend a.

far as 60 radii of the earth, or to the moon? and -ay not t^s

be the power, -for .am. power there m..^ be -which de-

flects L at e;ery instant ft'om the tangent of her orbit, and

keeps ter in the ellipt- path which experience teaches us she

Ti^YlTrle be whirled round at the end of a string

it lill s retch the string by a centrifugal fo-, which^

speed of rotation be sufficiently increased will at length bieak

he strin-^ and let the stone escape. However strong the

sW ft ml by a sufficient rotary velocity of the stone, be

btougU to th': uLost tension it wiH bear withoutbi«
and 5 we know what weight it is_ capable of™' t^^^^

sustain that weight ^^^^-^x:i^^^z!:::2:.
for a moment imagine gravity to Jiave no ,

te wTi^ht is madl to revolve with the Unut.^ velocrty .^.^

hat stSn. can barely counteract: then will its tension be

t to the weight of the revohdng body
;
and any

Ce wHch^Wd continually urge the body to..rds the

power wmc ^ ^^^^^ ^^^.f^,,,, tlie

r: Tnf:iMly *e plaeo of the st.„g, if divide.
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Divide it then, and in its place let gravity act, and tlie body
wiU circulate as before ; its tendency to the center, or iU
weight, being just balanced by its centrifugal force. Know-
ing the radius of the earth, we can calculate by the principles
of mechanics the periodical time in which a body so balanced
must cu-culate to keep it up ; and this ajDpears to be l'^ 23""

22^

^

(443.) If we make the same calculation for a body at the
distance of the moon, supposing' its weight or gravity the same
as at the earth's surfacey yfe shall find the period required to
be 10'' 45°^ 30^ The actual period of the moon's revolution,
however, is 27^ 7^ 43"^

; and hence it is clear that the moon's
velocity is not nearly suflBcient to sustain it against such a
power, supposing it to revolve in a ch-cle, or neglecting (for
the present) the slight eUipticity of its orbit. In orde? that
a body at the distance of the moon (or the moon itself) should
be capable of keepiiig its distarice from the earth by the out-
ward effort of its centrifugal force, whHe yet its thne of
revolution should be what the' moon's actuaUy is, it wiU
appear* that gravity, instead of being as intense as at the
surface, would require to. be very nearly 3600 times less
energetic; or, in other words, that its intensity is so enfeebled
by the remoteness of the body on which it acts, as to be ca-
pable of producing in it, in the same thne, only ^-^''jj-^th. part
of the motion which it would impart to the same" mass of
matter at the earth's surface.

(444.) The distance of the moon from the earth's center
is very nearly sixty times the distance from the center
to the surface, and 3600 : 1 : : 60 ^ : so that the pro-
portion in which we must admit the earth's gravity to be
enfeebled at the moon's distance, if it be really the force
which retains the moon in her orbit, must be (at least in this
particular instance) that of the squares of the distances at
which it is compared. Now, in such a diminution of energy
with mcrease of distance, there is nothing prima facie inad-
missible. Emanations from a center, such as light and heat.

• Newton, Princip. b. i., Prop. 4., Cor. 2.
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do really diminish in intensity by increase of distance, and

in this identical proportion; and though we cannot certamly

aa-gue much from this analogy, yet we do see that the power

of magnetic and electric attractions and repulsjons xs actuaUy

enfeebled by distance, and much more rapidly than m the

Lple proportion of the increased distances. The argumen

tWore,Lndsthus.-On the one hand, Grav^t, . ve.\

power of whose agency we have daily expexnence. We

know that it extends to the greatest accessible heights and

rbeyond ; and we see no reason for drawing a hne .t any

mrti ular height, and there assertmg that it must cease

TtreV tU^ wehave analogies to lead us to suppose i^s

energy may di^ish as we ascend to great heights rom the

surffce such as that of the moon. On the other hand we

~:t=rorizt^-"^

:^Ar^:::::ei"^^ot the OistanceB. & . j^ust cease at

TIs ) ir.':':S;
a,gu.ent .... Kewt„n

(^^^o.) XL
Instance, and pro^asionaUy,

his law ot umveisai giavii
universe attracts

every othei particie, wi
inversely to the square

the mass oi^^^;''!^^^^^^:'\T^ZtrL and general

of the distance be ween tto . ^ ^

IT 'r^^L Xrd -on - niLre r^rMCes, but

before us. Ihe eaitn anu
general law docs not

g,eat spherical ^ nXIt applicable, it
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material atoms. This problem is one purely dynamical, and,
in this its general form, is of extreme difficulty. Fortunately
however, for human knowledge when the attracting and at-
tracted hodies are spheres, it admits of an easy and direct
solution. Newton himself has shown {Princip. b. i. prop. 75.)
that, in that case, the attraction is precisely the same as if
the whole matter of each sphere were collected into its center,
and the spheres were single particles there placed ; so that,
in this case, the general law applies in its strict wording.
The effect of the trifling deviation of the earth from a spherical
form is of too minute an order to need attention at present.
It is, however, perceptible, and may be hereafter noticed.

,

(446.) The next step in the Newtonian argument is one
which divests the law of gravitation of its provisional character,
as derived from a loose and superficial consideration of the
lunar orbit as a circle described with an average or mean
velocity, and elevates it to the rank of a general and pri-
mordial relation by proving its appHcabihty to the state of
existing nature in aU its circumstances. This step consists
in demonstrating, as he has done* (Princip. i. 17. i. 75.),
that, under the influence of such an attractive force mutuaUy
urging two spherical gravitating bodies towards each other,
they will each, when moving in each other's neighbourhood,
be deflected into an orbit concave towards the other, and
describe, one about the other regarded as fixed, or 'both
round their common centre of gravity, curves whose forms
are lunited to those figures known in geometry by the
general name of conic sections. It will depend, he shows,
m any assigned case, upon the particular circumstances of
velocity, distance, and direction, xohich of these curves shall
be described,— whether an elKpse, a circle, a parabola, or

mo'rtJwnrv"-
/"""damental propositions, as a point of duty, to the im-

tTs volTl t
"'^'^

''r^'
propounded. It is impossible for us, in

be utterW ° ^- '"vestigations: even did our limits permit, it woulS
win be ilea in t'h T''.

general idea, however, of their conduct

of he Princink T' '"^"^^T'
'^'^ '="'^^"1 ^"^ attentive study

improves ntsTfth^^
'^''^ aside, whatever be the

pression. '^IZ no Xlr'n
^^^^^^^^^

'•'"d ^x-

of the mechanil of ot ,^";';''^^^^V °T^^
-d complete comprehension

extends,) be anvthin/lL ^ ;/^'''' immediate scope of that work
,j ue anytning hke so well, and we may add, so easily obtained.
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anhyperWa; but one or other it m«st be; Mid any one of

anydeo-ree of oceentrieity it may be, ax>ooi-dmg to the cir-

Zst^^ces of the case ; and, in all eases, the pomt to *<i

the motion is referred, whether it be the eentre of one of the

spheres, or their common centre of gravty, w,U of necessUy

be the focus of the conic section described. He shows,

furthermore (Prinoir. i. 1.). t^t, in every case, the ar^ular

with Ibich the line joining their-t~ -us

be inversely proportional to the square of then mutual

distance, and Lt equal area, of the em-vcs described wUl be

swept over by their line of junction m equal tunes.

f|« > AH tliis is in conformity with what we have stated

„f a; solar and lunar movements. Their orbits are ellipses,

hu ofdegrees of eccentricity ; andtbi~-e
abeady indicates the general apphcabjity of the prmciple.

"ntBut here we have already, by a natural and ready

bnnUcat on (such is always the progress of generahzation),

Tken! fether and most importont step, abnost unperceivei

We h ve extended the action of gravrty to he ^e o^^ be

earth and snn, to a distance unmensely «

L moon, an^^

::xr:^o^^^inUc^^
"r o?:b:t: of ;:i«ionfCZ moment

rcr::i:., 3. ^obvious in»^^^^^

When we calculate, as

f
»->

f
™ ^/^^.^eh the earth

the sun (art 357. ,
an^

'l^t be the centrifugal

e?
smi's attraction is balanc^.

rd which, therefore, ^7"-;- ^:::,7rrltTb:
.ttractive -^Xntoul s*e^— earths

inmiensely
^•"'l^l^Zy at that distance-greater in the

attraction on an
'^f'^^l tl,en, that it

P"P°;*» ;^/jt it olbit about the sun by

t;:* le ^ its r^e of dhninutiou with tho
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general law, this force must be no less than 354936 timea
more intense than what the earth would be capable of exei-tino-

cceteris paribus, at an equal distance.

(449.) "What, then, are we to understand from this result ?

Simply this,—that the sim attracts as a collection of 354936
earths occupying its place would do, or, in other words,
that the sun contains 354936 times the mass or quantity of
ponderable matter that the earth consists of. Nor let this

conclusion startle us. We have only to recall what has
been abeady shown in (art. 358.) of the gigantic dimen-
sions of this magnificent body, to perceive that, in assigning
to it so vast a mass, we are not outstepping a reasonable
proportion. In fact, when we come to compare its mass
with its bulk, we find its density* to be less than that of the
earth, being no more than 0-2543. So that it must consist,
in reality, of far lighter materials, especially when we consider
the force under which its central parts must be condensed.
This consideration renders it highly probable that an intense
heat prevails in its interior by which its elasticity is reinforced,
and rendered capable of resisting this ahnost inconceivable
pressure without collapsing into smaller dimensions.

(450.) This wiU be more distinctly appretiated, if we
estimate, as we are now prepared to do, the intensity of
gravity at the sun's surface.

The attraction of a sphere being the same (art. 445.) as if
its whole mass were collected in its centre, will, of com-se,
be proportional to the mass directly, and the square of the
distance inversely; and, in this case, the distance is the
radius of the sphere. Hence we concludef, that the in-
tensities of solar and terrestrial gravity at the sui'faces of the
two globes are in the proportions of 27*9 to 1. A pound of
terrestrial matter at the sun's surface, then, would exert a
pressure equal to what 27-9 such pounds would do at the

The density of a material body is as the mass directly, and the volume in-
versely: hence density of©: density of

©::,f^f^
: 1 ; 0-2543 : 1.

t Solar gravity : terrestrinl • • J?^?^'' .1 , ,

of thP «„n Tn,! \^, I
.''^ • • (4400(xr)2 ' (Toooj^ :

1 27 "9 : 1 ;
the respective radii

of the sun and earth being 440000, and 4000 miles.
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earth's. The efficacy of muscular power to overcome weight

is therefore proportionally nearly 28 times less on the sun

than on the earth. An ordinary man, for example, would

not only be unable to sustain his own weight on the sun,

but would literally be crushed to atoms under the load.*
^

(451.) Henceforward, then, we must consent to dismiss

all idea of the earth's humobihty, and transfer that attribute

to the sun, whose ponderous mass is calculated to exhaust

the feeble attractions of such comparative atoms as the earth

and moon, without being perceptibly dragged from its place.

Their centre of gravity lies, as we have abeady hinted,

ahnost close to the centre of the solar globe, at an interval

qtiite miperceptible from our distance ;
and whether we

Lard the earth's orbit as being performed about the one or

the other center makes no appretiable difference m any one

phenomenon of astronomy.

^459 ) It is in consequence of the mutual gravitation of

all the several parts of matter, which the

^^^'^^^l^^^
supposes, that the earth and moon, while m the act of

IvoL; monthly, in their mutual orbits about then: common

Tnt of 'gravity,'yet continue to circidate,— P^'^^^^

company, in a greater annual orbit round the sun e may

coreive this motion by comiecting two unequal balls by a

"ck, which, at tUlr common center of r^^;;

center, while yet they 7? 8° °"
°^'^°^';^\=re <iuit« free

other in subordinate gyratrons, „
from any sueh -^^lon -vUId t» the sun, it

the earth alone, M,d not the moon
^^^^^^_

.onia he
^'^^l^J-:f2Z, continue together under

^
;,r°°the loose parts of the earth's surfaee

itsattraet,on,oust as the 1 V ,^ ^^^t^ess, not the

"°1r rv« dUes an ellipse around the sun,

r: til— center of gravity. The effeet is to produee

pressure of 4687 lbs. on the sun.
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a small, but very perceptible, monthly equation in the sun's

apparent motion as seen from the earth, which is always
taken into account in calculating the sun's place. The
moon's actual path in its compound orbit round the earth
and sun is an epicycloidal curve intersecting the orbit of the
earth twice in every lunar month, and alternately within and
without it. But as there are not more than twelve such
months in the year, and as the total departure of the moon
from it either way does not exceed one 400th part of the
radius, this amounts only to a slight undulation upon the
earth's ellipse, so slight, indeed, that if drawn in true propor-
tion on a large sheet of paper, no eye unaided by measurement
with compasses would detect it. The real orbit of the moon
is everywhere concave towards the sun.

(453.) Here moreover, i. e. in the attraction of the sun, we
have the key to all those dilFerences from an exact elliptic

movement of the moon in her monthly orbit, which we have
abeady noticed (arts. 407. 409.), viz. to the retrograde revo-
lution of her nodes ; to the direct cbculation of the axis of
her ellipse

; and to all the other deviations from the laws of
elhptic motion at which we have further hinted. If the moon
simply revolved about the earth under the influence of its

gravity, none of these phenomena would take place. Its
orbit would be a perfect ellipse, returning into itself, and
always lying in one and the same plane. That it is not so, is

a proof that some cause disturbs it, and interferes with the
earth's attraction ; and this cause is no other than the sun's
attraction— or rather, that part of it which is not equally
exerted on the earth.

_
(454.) Suppose two stones, side by side, or otherwise

situated with respect to each other, to be let faU together
;

then, as gravity accelerates them equally, they will retain
theu: relative positions, and fall together as if they formed
one mass. But suppose gravity to be rather more intensely
exerted on one than the other ; then would that one be rather
more accelerated in its fall, and would gradually leave the
other; and thus a relative motion between them would arise
Irom the difibrence of action, however shght.
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(455.) The sun is about 400 times more remote than the

moon; and, in consequence, wHle the moon descnbes her

monthly orbit round the earth, her distance from the sun i

alternaW ^l,th part greater and as much less than the

earth's. SmaU as this is, it is yet sufficient to produce a pe -

ceptible excess of attractive tendency of the moon towards

a
X

the 8un, above that of the earth when in the nearer point of

her orbit, M, and a corresponding defeeton the opposite part,

W • and in the intermediate positions, not only wiU a ditter-

enoe of>rcM snbsist, bnt a difference of directions also
;
smce

towever small the lunar orbit M N, it is not a pom ,
and

ther fore, the lines drawn from the sun S to its several par b

cannot be regarded as strictly paraUel. If, as we have al-

r^y seen, the force of the sun were equally exerted, and m

p^Uel directions on both, no disturbance of the^ relatwe

stoaaons would take phu=e ; but from the non-veiaficat.on of

tirconditions arises a &(«*n,/or«, obUque to the hne

^^g the moon and earth, which in some situations acts to

^a^ate, in others to retard, her effiptic orbitual motion
;

m

;me to taw the ea.th from the moon, in others the moon

fom the earth. Again, the lunar orbit, though veiy nearly,

Tet not quite coincident with the plane of the echptic
;
and

hence the Lion of the sun, which is very nearly paxaUel to

the last-mentioned plane, tends to draw her somewhat of

til of her orbit, and does actually do so -producing

te rtvolution ofher nodes, and other phenomena less striking.

We're not yet prepared to go into the subject of these

turUti^,, as they are called ; but they are mtroduced to the

Teader's notice a^ early as possible, for the purpose of re-

alsnring his mind, should doubts have arisen as to the logical

SrrectLs of our argument, m consequence of our tempoi;ary

rict of them while working our way upward to the aw

of gmvity from a general consideration of the moons orbit.



CHAPTEE IX.

OF THE SOLAR SYSTEM.

APPARENT MOTIONS OF THE PLANETS.—THEIR STATIONS AND RE-
TROGRADATIONS.—THE SUN THEIR NATURAL CENTER OP MOTION.
—INFERIOR PLANETS.—THEER PHASES, PERIODS, ETC. —DIMEN-
SIONS AND FORM OP THEIR ORBITS.—TRANSITS ACROSS THE SUN.
—SUPERIOR PLAJ!^ETS.—THEIR DISTANCES, PERIODS, ETC. KEP-
LER's laws and their INTERPRETATION. ELLIPTIC ELEMENTS
OP A planet's ORBIT.— its HELIOCENTRIC AND GEOCENTRIC
PLACE EMPIRICAL LAW OP PLANETARY DISTANCES ;—VIOLATED
IN THE CASE OP NEPTUNE.— THE ASTEROIDS. PHYSICAL PE-
CULIARITIES OBSERVABLE IN EACH OP THE PLANETS.

(456.) The sun and moon are not the only celestial objects
which appear to have a motion independent of that by which
the great constellation of the heavens is daily carried round
the earth. Among the stars there are several,— and those
among the brightest and most conspicuous, — which, when
attentively watched from night to night, are found to
change th eir relative situations among the rest ; some rapidly
others much more slowly. These are called planets. Four
of them— Venus, Mars, Jupiter, and Saturn — are remark-
ably large and brilliant

; another. Mercury, is also visible to
the naked eye as a large star, but, for a reason which will

presently appear, is seldom conspicuous : a sixth, Uranus, is

barely so discernible, while the rest of which about fifty are
already known, and probably many more remain to be dis-
covered, are visil)le only through telescopes*, and with one
exception (that of Neptune) can only be known among the
multitude of minute stars those instruments reveal to us by
watching them from night to night and attending to their

naked^eye.""^^'
*° "^een once seen by Schroter with the
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changes of place. All these have been discovered since the

commencement of the current century, and forty-five of them

since 1844. A list of their names, discoverers, and the dates

of their respective discovery will be found in the Appendix.

All of them but Neptune belong to a peculiar and very re-

xnarkable class or favmly of pkr^ets to which the name of

Asteroids has been assigned.

(457.) The apparent motions of the planets are much more

irre-^ular than those of the sun or moon. Generally speaking,

and comparing their places at distant times, a

f
va^^^^^^^

thoucxh with very different average or mean velocities, m he

same°direction as those luminaries, L e. in ^PP^^^^
J^^^

apparent diurnal motion, or from west to east
:

all of them

Ike the entire tour of the heavens, though under very d.f-

Lnt circumstances : and all of them, with tl- exception

certain among the telescopic planets, are confined n their

:Se paths 'within very narrow limits on .e.t^r side the

Icliptic'and perform their -vements within hat one of

the heavens we have called, above, the Zodiac (ait. 303.).

'

(458 ) Tb obvious conclusion from this is, that whatever

be oth rwise, the nature and law of their motions, they are

;:£Zne:rly^ntne,laneof,^^^^^^^^

a/i9 1 The apparent motions ot the snn ana moon, o

J unUrm! do not deviate very greatly from umform.ty a

mXt ac'eeleratlon and --datlon
—Me

^^^^^

ellipticity ot.frry':-^:^^Z ;tne = »Ses they

^^:Z:t ZL,,..... speed- come
advance rap.dly

.
™™

,/ their motion,

r tCe' 'g,r 'minlshlng, till the reveled or re.ro-

*;"on ceasea altogether. Another station, or mon.ent
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of apparent rest or indecision, now takes place ; after wliioh
the movement is again reversed, and resmnes its original di-
rect character. On the whole, however, the amount of dii-ect
motion more than compensates the retrograde; and bj the ex-
cess of the former over the latter, the gradual advance of the
planet from west to east is maintained . Thus, supposino-
the Zodiac to be unfolded into a plane smface, (or repre^
sented as in Mercator's projection, art. 283. taking the ecHptic
J^C for Its ground line,) the track of a planet when
mapped down by observation from daj to day, wiU offer the

appearance PQRS, &c. ; the motion fi^om P to Q bain..Wt, at Q stationary from Q to E retrograde, at i agaiS
stationary, from R to S direct, and so on

(460.) In the midst of the iiregularity and fluctuation of

wLT ;r ^'^'"^^ of uniformity isobserved.Whenever the planet crosses the echptic, as at N in the%ire. It is said (Hke the moon) to be'in its node; and a

planet cannot be apparent^ or uranoffraphicall^ situat d inhe celestial circle so called, without being real!, and loca ^i^nated ^n that plane. The visible passage of a pWhrough Its node, then, is a phenomenon inchoative of a ci^

vviuon we view it. J^ow, it is easy to ascertain, bvobsen,a^„n, when a ptaet passes from the north to the s „ hBide of the eehptic: we have only to eonyert its iVht ascen-

ZCf '"'"l"-^ latitude;J he

tSJZ: '^"'"'^^ " '™ days

tiJB behHore foT °[ ™ ""^ Now,

then: dates thereby fixed, we find, uuiversaUy
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passages of each ptaet
*'°5V-' Jw^s aVe, whether the

L amending or thef-^^^^^^J^S ^r retrograde,

planet at the moment of such passage oe

swift or slow, in its apparent
^K,h, wHle

(461.) Here, then, we have a ^^"^^^ ,„y,,t to

it hows that the motions of the planete ar m J ^
certain laws and fixed periods, may le^ us v

^
suspeet that the apparent "''Sf"*'';;;1,^„Vem from

thX- movements may he owmg o
'^J^^ol mixing up

their natural center (art. 338. ^''>'
„f „allactiekind,

,vith their own propermot.onsmovem»^^^^^

aue to our own change ot place, m

motion of the earth »]>™'
^ „^„ter of the planetary

(462.) If we abandon the
^^^J^^^l^^^tation where we

motions, it eannot adm>t
''r"^*,tprohahiUty of truth,

should place that center w^^^^^^^
trial

It must surely be the ™" ™^ jf ^ he not connected

as a station to which to y^fe t°^^»-
es the

„ith them by any Pl'y'''=f/,^'"*'°°' comparative umno-

a^lvantage, which the -rtW^'^/^wn uL 449., of the

yiuy. But after what has been ^ho

immense ma.s of t« ummaxy, »d of^.^^^^

to us as a
<l"'f<=''f°ft; suppose it may perform the same

can be more natural than ^"Ff ^ revolvmg round

to other globes wMch, li^f^^'^^^ly its Bght reflected

it; and these globes
J^^/^Xw "here m-X

from them, as the mo» - this

give a strong support to tne luc

predicament. , j „cts really are great

^
(463.) In the first P'''^,

p'^
several

glibes, of a size
—sma e wA^.^^^

^^^^^^ rf„,

of them much greater. Whe

telescopes, they are seen
offering distinct

even of considerable "W"™^^^ them .o be ma-

„„d etoaeter.st,c
pecutan^^^^

.^^^.^.^^^^ ^ a



THE SUN THE CENTER OF OUR SYSTEM. 305

artificial and complex one. (See the representations of Ma^g
Jupiter, and Saturn, in Plate III.) That their distances from
us are gi-eat, much greater than that of the moon, and some
of them even greater than that of the sun, we infer, 1st
from their heing occulted hj the moon, and 2dly, from the^
smaUness of theh- diurnal parallax, which, even for the
nearest of them, when most favourably situated, does not
exceed a few seconds, and for the remote ones is ahnost
imperceptible. From the comparison of the diurnal parallax
of a celestial body, with its apparent semidiameter, we can at
once estunate its real size. For the paraUax is, in fact
nothmg else than the apparent semidiameter of the earth as
seen from the body in question (art. 339. et seq.)j and, the
intervemng distance being the same, the real diameters must
be to each other in the proportion of the apparent ones.
Without going mto particulars, it wiH suffice to state it as a
general result of that comparison, that the planets are aU ofthem mcomparably smaUer than the sun, but some of them
as large as the earth, and others much greater.

(464 ) The next fact respecting them is, that then- dis-
tances from us, as esthnated from the measurement of their
angular diameters, are in a continual state of change, period-
icaUy mcreasmg and decreasing within certain Hmits, but bvno means coi-responding with the supposition of regular
cu-cular or elHptic orbits described by them about the earth
as a center or focus, but maintaining a constant and obvious
relation to then- apparent angular distances or ehuffations
trom the sun. For example

; the apparent diameter of Mars
IS greatest when in opposition (as it is called) to the sun i ewhen m the opposite part of the ecHptic, or when it comes on
the

^

mendian at midnight,— being then about 18'',— but
dunmishes rapidly from that amount to about 4'', which is its
apparent diameter when in conjunction, or when seen innearly the same dfrection as that luminary. This, and facts

l!n!.
cl^aracter, observed with respect to the apparentWers of the other planets, clearly point out the sun asnavmg more than an accidental relation to theh- movements.

^ certain of the plo^nets, (Mercury, Venus
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... Ma.,) ^i-^ «r:r Sot
anpearanoe of phases liU those i

reflected ligbt,

whieh »n be no other than
Jffl,ientty

there is no other source of light o'^'ema
^

powerful.W because *e ^^^J^^

planeta,7 l^/^^^^Ln viewed from the earth

irrcgnlanty w,h,ch they otter

aisappears at
„„tion, as explained in a

general law, ot wtucn tno
, ^^^^^^

former chapter, is on y
^ „f , ,„„,o planet,

how this happens, et us take
^^^^ ^ ^ ^j^^^^

which we will suppose to
'^'J™

«
, ^„i; ,tic, but

„early, but not
"J f^^sT ntersecting 'the eclip-

passmg through the
fl^f^^X of the planet's nodes,

ric in a fixed hue, i.toLo segments;

This line must of
^ circumstances of the

and it is evident that,
the tmies of

planet's motion remam f The in-

lescribiug these segments -nn^' f^™^;^^ .it^er node, and

terval, then, between the planet s qmttin
^ ^^^^

returning to the same node '^»'
"'^fJ ,,,, or its

^^-rtSXgtperioaict^^^^^

(467.) We have said (artj
circumstances,

entire tour of '^e heav%»to
^J^_y^r„„^

This n>n='^"'^P
™':;;,;dently as attendants upon the =un.

_ perform '"n^ c;rcn^t ei .dent 7 ^^ ^^^ , certain limit

from whose vicimty *ey 1
^„„,ti„es to the west

Tbey are seen sometmie to the cast

^

of it. In f°™^"Xr sun etHud arJc^Hed cvenmg



INFEEIOE PLANETS. 307

with a dazzling lustre ; and in favourable circumstances may
be observed to cast a pretty strong shadow.* When they
happen to be to the west of the sun, they rise before that
luminary in the morning, and appear over the eastern horizon
as morning stars: they do not, however, attain the same
elongation from the sim. Mercury never attains a greater
angular distance from it than about 29°, while Venus extends
her excursions on ei-'ther side to about 47°. When they have
receded from the sun, eastward, to their respective distances,
they remain for a thne, as it were, immovable with respect
to It, and are carried along with it in the ecHptic with a
motion equal to its own ; but presently they begm to approach
It, or, which comes to the same, their motion in longitude
dmauushes, and the sun gains upon them. As this approach
goes on, then- continuance above the horizon after sunset
becomes daHy shorter, till at length they set before the
darkness has become sufficient to allow of thefr being seen
-bor a tune, then, they are not seen at all, unless on very
rare occasions, when they are to be observed across
the suns dzsc as small, round, well-defined black spots, totally
chlterentm appearance from the solar spots (art. 386 ) These
phenomena are emphatically called transits of the respective
planets across the sun, and take place when the earth
happens to be passing the hue of their nodes while they arem that part of their orbits, just as in the account we have
given (art 412.) of a solai' echpse. After havino- thus
contmued invisible for a thne, however, they begin tolppear
on the other side of the sun, at fii-st showmg themselves only
tor a few mimites before sunrise, and gradually lonaer and
longer as they recede fi-om him. At this time theh- motion
ni longitude is rapidly retrograde. Before they attain their
greatest elongation, however, they become stationaiy in the
i-eavens; but their recess from the sun is still maintained by

contmues to leave them behind, until, having reversed their

washed room i^thf"Jt" xposurV^'ln .! T''
^"'"'^"^^ "

the .shadow, but the diSd ft-l ^ ^^'^ "^''''""^

editum of l&zs. Venus mnv ft T^'**
'"''^'"^ """"k^— Note to /heVenus may often be seen with the naked eye in the davtime

X 2
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motion, and become again they ^qniie snfficient speed

To commence overtaking Imn- atM moment hey have

thrir greatest .e.tem ekng-tion ; and thus .s a kmd of oscd-

Story movement kept up, while the general advance along

the eohptio goes on. v ! „„^ 1 Ti CD the
M«a\ S.mnose PQ to be the ecliptic, and A 14 i^ i) tne

f . VirTthe;e planets, (for instance. Mercury,) seen

?tfed»ew ot u ye situated very nearly in its plane;

tlllti^lZe; IdA,B,0,D successive positions o

fhe p an* of which B andD are iu the nodes. If, then, the

,„n S stood apparently stiU ^^^^^f^f''^:^^'^!^'^

laL. But as the sun is ^—

"

earried along the ech^^c PQ, W ^ h^
^

over the spaces ST, TU, U V, P
.^^ ^^^^ ^

executes one quarter of Its peiiod. ^.^^

apparently carried a^gJ^^Jhe
nu, into

^^^^ ^^^^.^^

positions -P-»*:* ^^/in^spTrfive points, B,C,D,A,
round the sun brings it

to have been

its apparent movement in

J^^^'" ^u,, ^ motion

along the wavy or zigzag hue aim ri is-.

n H, and

in longitude will '^-e be» di^ct .n

^^^^^^^^^^^

-'"^^tH^Xblv^^e^i'stltionary.
zag, as at H, it will nave

Mercury and Venus —
(469.) The only two

iff ^^^J^, are called

°t"irpts of?Xst rcces, from the sun

''*"'^;'^^^raW) their eastern and western *«-

called (a b ve) t

^^j_^^^^^^ »PP--''
'°

t thW coniunctions.-the former when the
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planet passes between the earth and the sun, the latter when
behind the sun.

(470.) In art. 467. we have traced the apparent path of an
inferior planet, by considering its orbit in section, or as
viewed from a point in the plane of the echptic. Let us
now contemplate it in plan, or as viewed from a station above
that plane, and projected on it. Suppose then, S to represent
the &Mn,abcd the orbit of Mercury, and A B C D a part of
that of the earth- the direction of the circulation being the
same m both, viz. that of the arrow.
^Yhen the planet stands at a, let the
eai-th be situated at A, m the direction
of a tangent, a A, to its orbit ; then
it is evident that it will appear at its

greatest elongation from the sun, the
angle a-A S, which measures their ap-
parent interval as seen from A, being
then^greater than in any other situation of a upon its own

(471.) Now, this angle^ bebg known by observation, we
are hereby furmshed with a ready means of ascertaining,, at
least approxmiately, the distance of the planet from the sun,
or the radius of its orbit, supposed a circle. For the triangle
b A« IS right-angled at a, and consequently we have S a-b A

: :
sin. S A o : radius, by which proportion the radH S ab A ot the two orbits are dh-ectly compared. If the orbits

were both exact circles, this would of coui'se be a perfectly
:

ngorous mode ofproceeding: but(asisprovedbytheinequaHty

;

of the resulting values of S a obtained at different times) this
)

IS not the case
; and it becomes necessaiy to admit an excen-

tncity of position, and a deviation from the exact circulartormm both orbits, to account for this difference. Neglectino-
however, at present this inequality, a mean or average vabe

of this Broo/'-^''n'
be obtained from the frequent repetition

I The Xua " f7--^-^ of situation of the two bodies.

I m le^^rtlf fr"'^'"" about . 36000000

^ the radiTs 0 'ttl^^^^^^^
'''''''' ^^^"^ ''''''''

'

^'^^ ^'^^th B orbit being 95000000.
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(472.) Tlie sidereal periods of the planets may be obtamed

(as before observed), with a considerable W™ach to accuracy,

ty observing their passages through the >^°desof tl^eu orte ,

and indeed, when a certain very minute mobon of he- ™des

and the apsides of their orbits (sinular to that °ffte moon s

nodes and apsides, but -comparably slower) rs aUowed for

with a precision only limited by the miperfection of the ap

;^priate observation. By such observatron, so—d
-t

aunears that the sidereal period of Mercury is 87 23 15

S'sT-d that of Venus, 224" 16» 49- S-O-. T^ese penofe

however are widely different from the intervals at which the

awearaZces of the two planets at then: eastern and

we^r elongations from the sun are observed to happen.

Me™ is seen at its greatest splendour as an evemng tax

!taSe intervals of about 116. and Venus at mtei-vals of

l SdTvs The diifereuce between the ridereal and .yno-

about 584 days, iue o
Keferring agam

revolutions (art. 418.) account

to the figmre of art_ *^ „f , period,

tHKu^S-r-^^-'-f^^^
elonga^on from the snn,^^^^^^^^

sun will happen uoi, r
The determination

tut in some more advanced position. «E
t„

of this position depends on a

"^f"^^^^ Teto^^; and

^%hrforrX be^tte^"^^ ^.™dical

rvlt":'two planets, which come out respectively

115-877", and 583;920^ ^^^^^^^ ^

(^n'\^ In this interval, tne pianeL
, .i ^„

tion, B, and he p
elongation on the opposite side

,un and earth.

J^^ J^^^
come to C, and
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to the interior circle on the opposite side from M. Lastly,

the superior conjunction will happen when the earth arrives

at D, and the planet at d in the same line prolonged on the

other side of the sun. The intervals at which these phfeno-

raena happen may easily be computed from a knowledge of

the synodical periods and the radii of the orbits.

(474.) The circumferences of cu'cles are in the proportion

of their radii. If, then, we calculate the cu'cumferences of

the orbits of Mercury and Venus, and the earth, and com-
pare them with the times in which their revolutions are

performed, we shall find that the actual velocities with which
they move in their orbits dilFer greatly; that of Mercuiy
bemg about 109360 miles per hour, of Venus 80000, and of
the earth 68040. From this it follows, that at the inferior

conjunction, or at b, either planet is moving inthe sa??ie dii-ec-

tion as the earth, but with a greater velocity ; it will, there-
fore, leave the earth lehind it ; and the apparent motion of
the planet viewed fr-om the earth, will be as if the planet
stood still, and the earth moved in a contrary dh-ection from
what it reaUy does. In this situation, then, the apparent
motion of the planet must be contrary to the apparent
motion of the sun ; and, therefore, retrograde. On the other
hand, at the superior conjunction, the real motion of the
planet being in the opposite du-ection to that of the earth, the
relative motion will be the same as if the planet stood still,

and the earth advanced with their united velocities in its own
proper du-ection. In this situation, then, the apparent motion
will be direct. Both these results are in accordance with
observed fact.

(475.) The stationary points may be determined by the
following consideration. At a or c, the points of greatest
elongation, the motion of the planet is dn-ectly to or from
the earth, or along their Hne of junction, wliile that of the
earth is nearly perpendicular to it. Here, then, the apparent
motion must be direct. At h, the inferior conjunction, we
have seen that it must be retrograde, owing to the planet's
motion (which is there, as well as the G^rth\ perpendicular
to the Une of junction) sui-passing the earth's. Hence, tlio
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Stationary points ought to lie, as it is found by observation

they do, between a and b, or c and h, viz. in such a position

that the obhquity of the planet's motion with respect to the

line of junction shall just compensate for the excess of its

velocity, and cause an equal advance of each extremity of

that Hne, by the motion of the planet at one end, and of the

earth at the other: so that, for an instant of thne, the whole

Hne shall move parallel to itself. The question thus proposed

is purely o-eometrical, and its solution on the supposition of

circular orbits is easy. Let E e and P ^ represent small

arcs of the orbits of the earth and planet described contem-

poraneously, at the moment when the latter appears stationary,

about S, the stm. Produce P and . E, tangents a P

and E, to meet at E, and prolong E P backwards to Q, jom

ep. Then since P E, p. are parallel we have by sunilar

triangles Pp : Ee::P R : R E, and since, putting . and V

for the respective velocities of the planet and the earth,

P ;? : E e :: u : V ; therefore

„.VPR:I^E :: sin. PER: sin. E P R
::cos. SEP : cos. SPQ
::co8. SEP : cos. (SEP +ESP)

because the angles S E R and S P R are right angles. More-
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over, if J- and E be the radii of the respective orbits, we have
also

r
: R::sin. SEP : sin. (SEP +ESP)

from which two relations it is easy to deduce the values of
the two angles S E P and E S P ; the former of which is the
apparent elongation of the planet from the sun*, the latter
the difference of heliocentric longitudes of the earth and
planet.

(476.) When we regard the orbits as other than circles
(which they reaUy are), the problem becomes somewhat com-
plex—too much so to be here entered upon. It will suiEce
to state the results which experience verifies, and which
assigns the stationary points of Mercury at from 15° to 20°
of elongation from the sun, according to circumstances; and
ot Venus, at an elongation never vaiying much from 29°.
Ihe former continues to retrograde dm-ing about 22 days •

the latter, about 42. ^ '

(477.) We have said that some of the planets exhibit phasesl^e the moon. This is the case with both Mercury andVenus; and is readily explained by a consideration of their-
orbits, such as we have above supposed them. In fact, itreqmres httle more than mere inspection of the figm-e annexed
to show, that to a spectator

situated on the earth E, an
inferior planet, illuminated

by the sun, and therefore

bright on the side next to
Hm, and dark on that turn-
ed from hhn, will appear
full at the superior con-

these pit, .
elongation; half-mooned atpomts. and orescent-shaped, or horned, between these

• Tf ^ , V" —=m and _ SFP — rfi -pod
I «•» f<&-ha-W • " '

= ^qu^tions to be resolved are^)-m «„. ^, „d CO,. + = „ ^,^hich sive cos.
I COS. which give cos. =

m + n
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and the inferior conjunction D. As it app'oacbes tljU point,

the crescent ought to thin off tiU it vanishes altogether ren-

dering the placet invisible, nnless in *ose "h«e^
transits the sun's disc, and appears on

''f^^JP"^^

these phenomena are exactly conformahle to "^^"^'^
(478.) The variation in brightness of Venus m Mferen

pa ts of its apparent orbit i-<=7 <>nSU two causes: 1st, the varymg P'^*"
he vl^g

illuminated area to its whole disc; and, ^ly-t^^^^J^!

Insular diameter, or whole apparent magmtude of the disc

S A it a;proaches its Inferior conjnuction from *

I eater Ingation, the half-moou becomes a crescent, wkch

%Tol but this is more than compensated, for some tm>

.e";|creasiu.^^^^^t^^^^
rliminishinff distance. ±ms tne xutdi

^ raiminibui ^ ^ maximum, which
goes on increasing, till at iengtn d,.

Takes place when the planet's elongation is about 40 .

takes P^ace w i
£ rare occurrence,

(AIQ^ The transits ot Venus are oi ""^ yxu«
unequal but regularly

taking place alternately ^t

^^^^^^J
^ , ^

recurring intervals o^^, 22 8 lO^^^^^^^^
astronomical

succession,
^^^^^^^mX^ -ce they afford

phfenomena, they are extiemeiy imp
,

^^^prtainino- the

L best and most ^--'\-'^^-^^^^^^J^^Tr^^^ie.
sun's distance, or its parallax.

Without g»"=
j_

of calculation of this problem, which, owing to he ^eat^m

titnde of cironmstauces to be attend to -—
intricate, we shall here explain its P™»'P

Ybe The earth,

abstract, is very simple and obvious.
Jj^^^^f„

V Venus, and S the sun, and ^ D tte poit^

relativeorbitwhichshe^^^^^^^^^^

retam that

f^'^^^^^^^^,^,, etator at A sees the center

Then, at any moment wncu i
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transport himself from A to B, lie would see Venus suddenly

displaced on the disc from a to b ; and if he had any means of

noting accurately the place of the points on the disc, either

by micrometrical measures from its edge, or by other means,

he might ascertain the angular measure of a b as seen from

the earth. Now, siuce A V a, B V are straight lines,' and

therefore make equal angles on each side Y, a b will be to A
B as the distance of Venus from the sun is to its distance from
the earth, or as 68 to 27, or nearly as 2^ to 1 ; ab therefore
occupies on the sun's disc a space 2^ times as great as the
earth's diameter ; and its angular measure is therefore equal
to about 2^ tunes the earth's apparent diameter at the distance
of the sun, or (which is the same thing) to five tunes the sun's
horizontal parallax (art. 298.). Any error, therefore, which
may be committed in measiu-ing a b, will entail only onefifth
of that error on the horizontal parallax concluded from it.

(480.) The thing to be ascertained, therefore, is, in fact,

neither more nor less than the breadth of the zone P Q E. S,
pqr s, included between the extreme apparent paths of the
center of Venus across the sun's disc, from its entry on one
side to its quitting it on the other. The whole business of
the observers at A, B, therefore, resolves itself into this ;— to
ascertain, with all possible care and precision, each at his own
station, this path,—where it enters, where it quits, and what
segment of the sun's disc it cuts ofif. Now, one of the most
exact ways in which (conjoined with careflil micrometric
measures) this can be done, is by noting the time occupied in
the whole transit : for the relative angular motion of Venus
bemg, m fact, very precisely known from the tables of her
motion, and the apparent path bemg very nearly a straight
line, these times give us a measure {on a very enlarged scale)
ot the lengths of the chords of the segments "cut off; and the
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sun's diameter being known also with great precision, their

versed sines, and therefore theh: difference, or the breadth of

the zone requned, becomes known. To obtain these tunes

correctly, each observer must ascertain the instants of mgress

and egress of the center. To do this, he must note, 1st, the

instant when the first visible impression or notch on the edge

of the disc at P is produced, or Wxb first external contact ;

2dly, when the planet is just wholly hnmersed, and the

broken edge of the disc just closes again at Q, or the first

internal cont2.ct; and, lastly, he must make the same observa-

tions at the egress at E, S. The mean of the internal and

external contacts, corrected for the cm-vature of the suns

limb in the intervals of the respective pomts of contact, m-

ternal and external, gives the entry and egress of the planets

center*

(481 ) The modifications introduced into this process by the

earth's rotation on its axis, and by other geographical stations

of the observers thereon than here supposed, are smular m

their prmciples to those which enter into the calculation of a

solar eclipse, or the occultation of a star by the moon, only

more refined. Any consideration of them, however, here,

would lead us too far ; but in the view we have taken of the

subject, it affords an admkable example of the way m whidi

minute elements in astronomy may become magnified mtheu-

effects, and, by being made subject to measui-ement on a

greatly enlarged scale, or by substituting the measure of tm.e

for space, may be ascertained with a degree of precision

adequate to every purpose, by only watchmg favom-able

opportunities, and taking advantage of nicely adjusted com-

binations of circmnstance. So important has this observation

appeared to astronomers, that at the last transit of Venus, m

1769, expeditions were fitted out, on the most efficient scale,

bv the British, French, Russian, and other govermnents, to

the remotest corners of the globe, for the express purpose of

performing it. The celebrated expedition of Captain Cook

Tolleite was one of them. The general result of all the

observations made on this most memorable occasion give

8''5776 for the sun's horizontal parallax. The two next
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occurrences of this pli£e.nomenon will happen on Dec. 8. 1874,

and Dec. 6. 1882. [See l^ote (F) § (357 bb).]

(482.) The orbit of Mercury is very elKptical, the ex-

centricity being nearly one fourth of the naean distance.

This appears from the inequality of the greatest elongations

from the sun, as observed at different times, and which vary

between the limits 16° 12' and 28° 48', and, from exact

measures of such elongations, it is not difficult to show

that the orbit of Venus also is slightly excentric, and that

both these planets, in fact, describe ellipses, having the

sun in their commom focus.

(483.) Transits of Mercury over the sun's disc occasionally

occur, as in the case of Venus, but more frequently; those

at the ascending node in November, at the descending in

May. The intervals (considering each node separately) are

nsualhj either 13 or 7 years, and in the order 13, 13, 13, 7,

&c. ; but owing to the considerable inclination of the orbit

of Mercury to the ecliptic, this cannot be taken as an
exact expression of the said reciurrence, and it requires a
period of at least 217 years to bring round the transits in

regular order. One will occur in the present year (1848),
the next in 1861. They are of much less astronomical

importance than that ofVenus, on account of the proximity of
Mercury to the sun, which affords a much less favourable

combination for the determination of the sun's parallax.

(484.) Let us now consider the superior planets, or those

whose orbits enclose on all sides that of the earth. That
they do so is proved by several circumstances : — 1st, They
are not, like the inferior planets, confined to certain limits

of elongation from the sun, but appear at all distances from
it, even in the opposite quarter of the heavens, or, as it is

called, in opposition; which could not happen, did not the
cai-th at such times place itself between them and the sun

:

2dly, They never appear homed, like Venus or Mercury,
nor even semilunar. Those, on the contrary, which, from
the minuteness of their parallax, we conclude to be the most
distant from us, viz. Jupiter, Saturn, Uranus, and Neptune,
never appear otherwise than round; a sufficient proof, of
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itself, that we see them always in a direction not very

remote from that in which the sun's rays illuminate them

;

and that, therefore, we occupy a station which is never very

widely removed from the centre of their orbits, or, in other

words, that the earth's orbit is enthrely enclosed withm theirs,

and of comparatively small diameter. One only of them,

Mars, exhibits any perceptible phase, and in its deficiency

from a circular outline, never surpasses a moderately gibbous

appearance,— the enlightened portion of the disc bemg

never less than seven-eighths of the whole. To understand

this, we need only cast our eyes on the annexed figure, m

which E is the earth, at its apparent greatest elongation

from the sun S, as seen from Mars, M. In this position,

the angle SM E, included between the hues

S M and E M, is at its maxunum ;
and there-

fore, in this state of things, a spectator on the

earth is enabled to see a greater portion of

the dark hemisphere of Mars thanm any other

situation. The extent of the phase, then, or

greatest observable degree of gibbosity, affords

a measure— a sure, although a coarse and rude

one—of the angle SM E, and therefore of the

proportion of the distance SM, of Mars, to

S E, that of the earth from the sun, by which

it appears that the diameter of the orbit of

Mars cannot be less than H t^^es that of the

earth's The phases of Jupiter, Satm-n, Uranus, and Nep-

tune, being imperceptible, it follows thut their orbits must

include not only that of the earth, but of ISIai-s also.
_ _

(485 ) All the superior planets are retrograde m their

apparent motions when in opposition, and for some tmie

before and after; but they differ greatly from each other,

both in the extent of their arc of retrogi-adation, m the

duration of their retrograde movement, and m its rapidity

when swiftest. It is more extensive and rapid in the case

of Mars than of Jupiter, of Jupiter than of Satm-n, of that

planet than of Uranus, and of Uranus again than Neptune.

The angulai- velocity with wliich a planet appeai-s to re-

1

t
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trograde is easily ascertained by observing its apparent
place in the heavens from day to day; and from such
observations, made about the time of opposition, it is easy
to conclude the relative magnitudes of their orbits, as
compared with the earth's, supposing their periodical tunes
known. For, from these, theii- mean angular velocities are
known also, being inversely as the trnies. Suppose, then,
E e to be a very smaH por-

tion of the earth's orbit,
^ ,,

_^,,:==r=n:^^^f-~-_^_3y

and Mm a corresponding em ^

portion of that of a superior planet, described on the day
of opposition, about the sun S, on which day the three
bodies He in one straight line S E M X. Then the anglesES^ and MS»2 are given. Now, if em be joined and
prolonged to meet SM continued in X, the angle eXE
which is equal to the alternate angle X e Y, is^evidently
the retrogradation of Mars on that day, and is, therefore
also given. E therefore, and the angle EX., being givenm the nght-angled triangle E e X, the side E X is easily
calculated, and thus S X becomes known. Consequently,m the tnangle S m X, we have given the side S X and the
two angles m S X, and m X S, whence the other sides, S m,m X, are easily determined. Now, S ™ is no other than the
radius of the orbit of the superior planet reqmred, which in
this calculation is supposed circuit, as weU as that of the
earth; a supposition not exact, but sufficiently so to afford a
satisfactory approxhnation to the dhnensions of its orbit, and
which, if the process be often repeated, in every variety of
situation at which the opposition can occui', will ulthnately
attord an average or mean value of its diameter folly to be
depended upon.

_
(486.) To apply this principle, however, to practice, it

IS necessary to know the periodic times of the several planetsxnese may be obtained directly, as has been abeady stated

ecUntL''T! '^'^ ^'^''^S^' theecnptic but, owmg to the very small incHnation of the

that the precise moment of their arrival on it is not ascer-
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tainable, unless hj very nice observations. A better method

consists in determining, from the observations^ of several

successive days, tbe exact moments of theii' arnvmg zn oppo-

sition with tbe sun, tbe criterion of which is a difference of

longitudes between the sun and planet of exactly 180^

The interval between successive oppositions thus ob amed

is nearly one s^nodical period; and would be exactly so,

were the planet's orbit and that of the earth both^ cycles

and unifoiiily described ; but as that is found -ot ^
b the

case (and the criterion is, the ineguaht, of successive syno

dical revolutions so observed), the average ^ S^^^

number, taken in all varieties of situation m which the

:^ositi;ns occur, will be freed from the elhi^ic ^ne.uaMy,

and may be taken as a mean synodical period. From this,

by the considerations and by the process of c^-k

dLated (art. 418.) the sidereal periods -
The accuracy of this determination will, of coua-se, be greatly

increased by' embracing a
^^^^'^^'^f.Y^^^^^^

treme observations employed. In pomt of fact that inter.

extends to nearly 2000 years in Vf" ^ otseiw^^^^^^^

known to the ancients, who have --r^ed then ob--f-

of them in a manner sufficiently careful to be made u.e ot

ot them m a
,n

p„-fore be regarded as ascertamed
Thch periods may,

^^^^cal values will

w^tli the utmost exactness. Inen numeii^^cv

rcS>:""s down .he list of t„e pl.netavy

not but be struck with a ocr am
-"-^'/""fX'the louder the

period. The o aei o l

acconliug to tbe,.- d,s-

: :r: t?*e:;„rtw oe^up,. in -n^ieting ,.ev„i,.

tances,
follows : — Mercury, Venus, Earth, Mai.,

r:;c::S;di::ovtd fau... of Asteroid. Jupiter. Saturn.
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Uranusj and Neptune. Nevertheless, when we come to
examine the nmnbers expressing them, we find that the re-
lation between the two series is not that of simple pro-
portional increase. The periods increase more than in pro-
portion to the distances. Thus, the period of Mercurj
is about 88 days, and that of the Earth 365 — being in
proportion as 1 to 4-15, while theh' distances are in'' the
less proportion of 1 to 2-56 ; and a similar remark holds
good in every instance. StiU, the ratio of increase of the
times is not so rapid as that of the squares of the distances.
The square of 2-56 is Q-55?,Q, which is considerably greater
than 4-15. An intermediate rate of increase, between the
sunple proportion of the distances and that of their squares
is therefore clearly pointed out by the sequence of the
numbers

;
but it requh-ed no ordinary penetration in the

illustrious Kepler, backed by uncommon perseverance and
mdustry, at a period when the data themselves were in-
volved in obscurity, and when the processes of trigonometry
and of numerical calculation were encumbered with difficulties,
of which the more recent invention of logarithmic tables
has happily left us no conception,- to perceive and demonstrate
the real law of theb: connection. This connection is ex-
pressed m the following proposition :— « The squares of
the periodic tunes of any two planets are to each other in
the same proportion as the cubes of their mean distances
from the sun." Take, for example, the Earth and Mars *,
whose periods are in the proportion of 3652564 to 6869796,'
and whose distance from the sun is that of 100000 to 152369

\and it will be found, by any one who wiU take the trouble
to go through the calculation, that—

(3652564)2 : (6869796)2 ;: (lOOOOO)^ : (152369)^.

(488.) Of all the laws to which induction from purQ
Observation has ever conducted man, this third law (as it is
called) of Kepler may justly be regarded as the most remark-

we^re%:Th:ttrol'niitv:f°n ^^P?" -I"'--'ig^t n^odification when
due to the influence of thJrtl 'r^^^^^^^

calculat.on, for the greater planets,

Earth and Mars. * '"^ correction is imperceptible for the
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able and the most pregnant with important eonBeqnenoeB.

we contemplate the constituents of the planetary

system from the po nt of view which this retoon affords ns,

tt no longer mere analogy wlrich strikes ^- no longer

a general resmblance among them, as mdividuals independent

/ other, and circulating about *e -"^^n
to its own pecnUar nature, and connected w.th

J?
""^

peculiar tie The resemblance is now perceived to be a

TZflX likeness; they are bound up in one cham-

iT^^woven in one web of mutual relation and harmomous

r^ement- subjected to one pervading mfiuence, which

uteris from the centre to the farthest Imuts of that great

system! of which all of them, the erth included, must hence-

fnrth be reearded as members.

rt89 ) The laws of elhptic motion about the sun as a
(48a.) lie

description of areas by hues

Sgte ltd pilots, were U-Uy estabhshed by

IWer f^om a consideration of the observed """^

S and were by him extended, analogically, to aU the

,
'

1 « TTowever precarious such an extension might

rht:: pear!rmXn astronomy has
.^^^^^^^^^^^^

fn^t bv +be o-eneral comcidence ot its lesuits

tiS^ntrr e!:'lerXs of the apparent places of

with entne ser
satisfactorily with

the planets. These °
j. i^^et, whose

"SZI'Zi:r^'^' and sltuatL in space

:,rl ricatyCsigned in the synoptic table befoi'eReferred

Z iTis true, that when observations are carried to a high

^^i^^prcikon, and when e^^^^^^^^

niany successive revolu ions Jd
the aid of calculations &™f^

J°
„f i,, ^ „„ly

centuries, we
^^/gftiucl m«e comiicated ones

firs,
appronn.at,ons ^ the nmc 1

^^^^^^^.^^^

wWch actually prevai -d^^^^

"rf'r's:meT";-e;ain the extremely convenient

and at the "
; „f elliptic system, .

C:::rss:;^:t:W. to a certam extent, om. verba.
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expression of the laws, and to regard the numerical data or
elliptic eleme7its of the planetary orbits as not absolutely
permanent, but subject to a series of extremely slow
and ahnost imperceptible changes. These changes may be
neglected when we consider only a few revolutions; but
going on from centiu-y to century, and continuaUy accumu-
lating, they at length produce material departui-es in the
orbits from their original state. Their explanation will form
the subject of a subsequent chapter; but for the present we
must lay them out of consideration, as of an order too
minute to alfect the general conclusions with which we are
now concerned. By what means astronomers are enabled to
compare the results of the elHptic theory with observation,
and thus satisfy themselves of its accordance with nature,
will be explained presently.

'

(490.) It will first, however, be proper to point out what
particular theoretical conclusion is involved in each of the
three laws of Kepler, considered as satisfactorily established,— what indication each of them, separately, affords of the
mechamcal forces prevalent in our system, and the mode in
which Its parts are connected,— and how, when thus con-
sidered, they constitute the basis on which the Newtonian
explanation of the mechanism of the heavens is mainly
supported. To begin with the first law, that of the equable
description of areas. -Since the planets move in cin-vilinear
paths, they must (if they be bodies obeying the laws, of
dynamics) be deflected from their otherwise natural recti-
linear progress hj force. And from this law, taken as a
matter of observed fact, it follows, that the direction of such
force, at every point of the orbit of each planet, always
passes through the sun. No matter from what ultimate cause
the power which is called gravitation originates,— be it a
vnlue lodged in the sun as its receptacle, or be it pressure
trom without, or the resultant of many pressures or
sohcitations of unknown fluids, magnetic or electric ethers,
or impulses, -still, when finally brought under om- con-
templation, and smnmed up into a single resultant energy-
Its d^rect^on is. from every point on all sides, tou^ards the

y a
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proposition of the
otecmity by

ampMcation, that any body,
•'J'"'^^

. thereby

point by a foree yj^^^^ ,w tha^

deflected into a cm-vibneai patL, "«''
.

^^^j

center equal areas in equal tunes
\r.l'ZM^,^Aor, of

equable f^wll the eenter

a continual direction of the
j „f jj ler,

to wHch tHs cl—— X or intensify of

then, gives ns no infoimatiou a
^ conclusion

,

the force urging
'^^'^f X^. » ^'a property

it iuTolYes IS, that it does
f ^^^tral forces

of orbital rotation "^^^^ "..cinphfied in a

and, - 7 dail .^ee^
1^^^^^

thousand fau^i-—J^^^ ^
1^

tration of it is to ™
, ,plooitv in a vertical plane,

whirled it round with a moderate ^'^'^^-'^
. „/,Uow

to draw the end of the string
^^l^^^^^^^ rod

it to coil itseK round
f^ ^^f^"^ "J;^''\L bullet wiU

held very firmly in a and the

then approach the center of ^ diminution of

increase of its angular -lo-tyj an^
„„re

its periodic time when near the 7"
, jj,

cleariy than any words, the^^—Xa constantly

form description of —
:te".eversed, and the

diminishing distance. I "'^ ™
^ ,.apid impulse,

thread allowed ""^''^
fnTsh by fl e same degrees as it

the angular velocity will diminisb oy

tefore increased. The
his whole

as "Xt^-tf t frame as near as

person, so as to
„„other instance ^^d,ere

possible to the axis of h mot
.^^^ ^^^^ ^^^^ ^^^^^^^

the connection of *e obsei c
^.^^^

exerted, though equally real is much .

^ ^ .^^^

(491.) The second law of

^"X;; °^ ^ their focus,

that the planets describe ellipses about the
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iuvolves, as a consequence, the law of solar gravitation (so be
it allowed to call the force, whatever it be, which lu-ges them
towards the sun) as exerted on each individual planet, apart
from all connection with the rest. A straight hue, dynamic-
ally speaking, is the only path which can be pursued by a
body absolutelyfree, and imder the action of no external force.
AU deflection into a cuiwe is evidence of the exertion of a
force

;
and the greater the deflection in equal times, the

more mtense the force. Deflection from a straight Hue
IS only another word for curvature of path ; and as a circle
IS chai-acterized by the uniformity of its curvatiures in all its
parts-so is every other ciu-ve (as an elHpse) characterized
by the particular laio which regulates the increase and
dnmnution of its curvature as we advance along its circum-
ference. The deflectmg force, then, which continuaUy bends
a moving body into a curve, may be ascertained, provided
Its direction, in the first place, and, secondly, the law of cur-
vature of the cm:ve itself, be known. Both these enter as
elements into the expression of the force. A body may
describe, for instance, an eUipse, under a great variety of
chspositions of the acting forces: it may ghde along it, for
example, as a bead upon a pohshed wii-e, bent into an eUiptic
form

;
m which case the acting force is always perpendicular

to the wire, and the velocity is uniform. In this case the
force IS dh-ected to no Jixed center, and there is no equable
descnption of areas at all. Or it may describe it as we
may see done, if we suspend a baU by a verrj long strina
and, drawing it a Httle aside from the perpendicidar, tln-ow
it round with a gentle hnpulse. In this case the acting force
IS directed to the center of the eUipse, about which areas are
described equably, and to which a force proportional to the
distance (the decomposed result of terrestrial gravity) per-
petually urges it. * This is at once a veiy easy experiment,
and a very instructive one, and we shaU again refer to itm the case before us, of an ellipse described by the action of

itsUL?n^^Sl.':°i^^^ rT^ '""„°'""'^ h i-ie at

placed bebw it T i, n f ^'"'^^ « '"l^le

Wr Babbaje
iHu.tratioa is due. to the best ef my knowledge to
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a force directed to the focus, the steps of the investigation

of the law of force are these: 1st, The law of the areas

determines the actual velocity of the revolving body at every

point, or the space really run over by it in a given minute

portion of time: 2dly, The law of curvature of the eUipse

determines the linear amount of deflection from the tangent

in the direction of the focus, which corresponds to that space

80 run over; 3dly, and lastly, The laws of accelerated motion

declare that the intensity of the acting force -'--^^S^^^^

deflection in its own direction, is measured by or proportional

to the amount of that deflection, and may therefore be cal-

c^ilated in any particular position, or generally e-pxW by

geometricai .or algebraic symbols, as a law -dependent of

particular positions, when that deflection is so calciilated oi

Expressed. We have here the spirit of the process by whic

Newton has resolved tliis i'^^^^^^^^^S
J^^'^f""V'nn of Ms

geometrical detail, we must refer to the -ction

f^
%rinci^ia. We know of no artificial mode of -^^atrng tins

epecief of elliptic motion; though a rude
te^^^^^

-enous-h, however, to give a conception of the altemate ap

.roTch id recess of the revolving body to and from the focu.,

of its velocity-may be had ^7 -;P-^^|

a small steel bead to a fine aad very long sdk fib e jcl

IttTnc it to revolve in a small orbit round the pole of a

poSut cylindrical magnet, held upright, and vertically

-t^^^^ZTK^, which comiects the^di.

tances and periods of the planets by a general rule, bear.

sequence, ^^^^^^^ ^^^^^ ,,tains all the planets in

by distance from the sun, wmcu
f „„„ Hf mioh

their orbits about it. That the attraction of the sun (if such

t be) is exerted upon all the bodies of our sys em mdiffei-

Itlv vithout regard to the pecuhar materials of winch

ently, wituoux
proportion of their inertia;, or

they^-^^'^^Z^^ I L, therefore, of the nature

TTZ^s^^^ of chemistry or of magnetic action

;h d towerless on other substances than iron and some
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one or two more, but is of a more universal character, and
extends equally to all the material constituents of om- system,
and (as we shall hereafter see abundant reason to admit) to
those of other systems than our own. This law, important
and general as it is, results, as the simplest of corollaries, from
the relations established by Newton in the section of the
Principia referred to (Prop, xv.), from which proposition it

results, that if the earth were taken from its actual orbit, and
launched anew in space at the place, in the direction, and
with the velocity of any of the other planets, it would de-
scribe the very same orbit, and in the same period, which
that planet actuaUy does, a minute correction of the period
only excepted, arising from the difference between the
mass of the eai-th and that of the planet. SmaU as the
planets are compared to the sun, some of them are not, as
the earth is, mere atoms in the comparison. The strict
wording of Kepler's law, as Newton has proved in his fifty-
ninth proposition, is applicable only to the case of planets
whose proportion to the central body is absolutely inappre-
tiable. When this is not the case, the periodic time is
shortened m the proportion of the square root of the number
expressing the sun's mass or inertia, to that of the sum of
the numbers expressing the masses of the sun and planet

;

and m general, whatever be the masses of two bodies revolv-
ing round each other under the influence of the Newtonian law
of gravity, the square of their periodic time will be expressed
by a fraction whose numerator is the cube of their mean
distance, i. e. the greater semi-axis of their eUiptic orbit,
and whose denominator is the sum of their masses. When
one of the masses is incomparably greater than the other,
this resolves into Kepler's law; but when this is not the
case, the proposition thus generalized stands in lieu of that
law. In the system of the sun and planets, however, the
^mencal correction thus introduced into the results of
Jiepler's law is too smaU to be of any importance, the mass
ot the largest of the planets (Jupiter) being much less than
a thousandth part of that of the sun. We shaU presently,
however, perceive all the importance of this generalization,
wnen we come to speak of the satellites.
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U9S.) It will first, howeyer, be proper to explain by wl..;t I

Joess of oaleulation the expression of a planet's elbpfc

! te by its ekmaUs ean be compared with observation and

how we ean satisfy ourselves that 1 data ™n-

led in a table of snch elements for f;YthT~f

TZ *etel of the planet in its eUipse at some

Sn epoeh, and its periodie time or mean angnlar veloerty,

mined by i s greatest length and least breadth, or >ts two
mmea by s

astronomical uses it is preferable to

prmcipal axes ; but tor astio

use the semi-axrs major (or ^alf =
J

the exeentrieity or distance of the toeus

.Hch last is r.sually— - P-'^^^^f;'™:,, ..^i?,

au ellipse, whose long his 10 and we I

3

has for its major semi-axis and & ts 7

parta-, butwhen
»=f^''.f

°
' "',4

^y the fraction J.

^s a unit, the excentneity s

^^^'^^^J an inhabitant of

(495.) The ecliptic « ''^/
''Xe ^JtTfVe solar system,

the earth most
^'^^^^^.'^a tt Js of its orbit might be

as a sort of ground-plane , and t^e ax
^

t.ken for a line of departure in that pkne 01 o
^^^.^^^^

reckoning. Were
'"-ta'ast'ias a motion (though

possible origm of long't"^^ >

.^^^ ^^t, „„ advantage in

an excessively slow one .
theie > .

^^^^

leekomng froin the "''
"""^.^f^ refev the latter, taking

equinoxes, and astronome stheiet^e p

^oount of its vanation b ^^^^ ^ ,,,, ,„,Hion.

storing it, by calculation at eve y
^^^.^^^

Now, to determine '«—;/ .eciuire to

. planet with -^^^ ,^ 0^' the plane of the planet's
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these two planes intersect each other, which of necessity
pusses through the sun, and whose position with respect t*o
the line of the equinoxes is therefore given by stating its
longitude. This line is called the line of the nodes. When
the planet is in this line, in the act of passing from the south
to the north side of the ecliptic, it is in its ascending node,
and Its longitude at that moment is the element called the
loncfit?xde of the node. These two data determine the situation
of the plane of the orbit ; and there only remains for the
complete determination of the situation of the planet's ellipse
to know how it is placed in that plane, which (since its focus is
necessarily in the sun) is ascertained by stating the longitude of
ds perihelion, or the place which the extremity of "the axis
nearest the sun occupies, when orthographieally projected on
the ecliptic*

•''•)

(496.) The dimensions and situation of the planet's orbit
thus determined, it only remains, for a complete acquaintance
with Its history, to determine the circumstances of its motion
in the orbit so precisely fixed. Now, for this purpose, all
that IS needed is to know the moment of time when it is either
at the perihelion, or at any other precisely determined point
of Its orbit, and its whole period ; for these being known, thelaw of the areas determines the place at every other instant.
This moment is called (when the perihelion is the point chosen)
the perihelion passage, or, when some point of the orbit is fixed

^TAjf'^T ^Pf^^^^^^^^°«« the perihelion, the epoch.
K^Jt.) Ihus, then, we have seven particulars or elements

which must be numerically stated, before we can reduce to
calculation the state of the system at any given moment.
J3ut, these known, it- is easy to ascertain the apparent posi-tions of each planet, as it would be seen from the sun, or isn frona the earth at any time. The former is called hehelio^entr the latter the geocentric, place of the planlt

reprea n\ l~rC^):''' P^^^^^' «

elHn.P . ^ ^^"^ """^'t °f Pl'^net, being anelV
,
having the S in its focus, and A foi' its perihelion

;

plan.s, vi.. from the eliuox o th "'u^'" ''i«'''e..t

helion on the orbit. ^ ° °" 'he ecliptic and thence to the peri-
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nncT let . a N T represent the projection of the orbit on the

and letpaN 1 P
^^^^ ^^^.^^.^^ intersecting the

L of equinoxes STin T, which,

therefore, is the origin of longxtudes.

Then will SN he the hne of nodes,

and if we suppose B to He on the

.outh, and A on the north side the -h^^-^^^

rection of the planet's motion to be from B ^o^'

the ascending node, and -^^^ ? ^.^e planet at

the nod. In Hke manner, if
^*.^^^/^77;;^e,ted on the

any time, and if it and the perihehon A be projecte

echptic, upon the points , a, the^ngl T S ^ ,

the f i^^^ elements. Lastly, the angle

the latter is one ot the given
^^^^

S P is the heliocentric latitude of the planet, w

required to be known. ^ moment of

the planet's passing the
P«"'^'=J

>

; ^..^n, and the

of deseribing ^^^^^ 1 tf„f'the' ellipse heing

periodical time, and tue wu
^^^^^

Lown,the law P^^^^
„f tlie area A S P.

their deseription gives
^"^"J^TZ.m.t.j to determine the

F-m this it -P-f^p°Xchirealled the planet's ,rue

corresponding angle & » r,
transcendental,

anomaly. This problemJ
™

es, some

r-irrttrro^^

the ease of each particular planet ,^

(500.) The X »i or tbe angle N S P. is to be

angular distance from tne nou

uniform insteiid ot i"*-
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found. Now, the longitudes of the perihelion and node beino-
respectively T a and T N, which are given, their difference
a N is also given, and the angle N of the spherical right-
angled triangle A N a, being the inclination of the plane
of the orbit to the ecliptic, is known. Hence we calculate
the arc N A, or the angle N S A, which, added to A S P,
gives the angle N S P required. And from this, regarded
as the measure of the arc N P, forming the hypothenuse
of the nght-angied spherical triangle P N whose angle N,
as before, is known, it is easy to obtain the other two sides'
l^p and Pp. The latter, being the measure of the angle
pSV, expresses the planet's heHocentric latitude; the former
measures the angle N S or the planet's distance in lon-
gitude from its node, which, added to the known angleT S N, the longitude of the node, gives the heHocentric lon-
gitude. This process, however circuitous it may appear

• when once weU understood may be gone through numerically
by the aid of the usual logarithmic and trigonometrical
tables, m little more thne than it will have taken the reader
to peruse its description.

(501.) The geocentric differs from the heliocentric place
of a planet by reason of that parallactic change of apparent
situation which arises from the earth's motion in its orbit
V\ ere the planets' distances as vast as those of the stars the
earths orbital motion would be insensible when viewed
trom them, and they would always appear to us to hold the
same relative situations among the fixed stars as if viewed
from the sun, i. e. they would then be seen in their heliocentric
places. The difference, then, between the heliocentric and
geocentric places of a planet is, in fact, the same thing with
Its parallax, arising from the earth's removal from the centre
ot the system and its annual motion. It follows from this,
that the first step towards a knowledge of its amount, and
the consequent determination of the apparent place of each

few „,inutes. Nav it ,

f^'^e p<.s.t> on," or trial and error, in a very
.simple and easily constrrted'n"" l'''"^\'''h'PV^°^'^^^i<^h on inspection by a
description in tifeS i, ^l?",

°^ '"<:'=''an.s,n. of which the reader may .sec a
the author of tlds woTi

Ph.losoplucal Transactions, vol. iv. p. 425.,
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planet, as referred from the earth t'o the sphere of the fixed

stars, must be to ascertain the proportion of ats hnear dis-

tances from the earth and from the sun, as compared with

the earth's distance from the sun, and the angular positions

of all three with respect to each other.

(502.) Suppose, therefore, S to represent the sun, E the

earth, and P the planet; S T the line of equinoxes, T E

the earth's orbit, and P p a perpendicular l^t f^^^^^^J^
planet on the ecliptic. Then will the angle & P E (accoid^g

to the general notion of parallax conveyed m art. 69) re-

to the gen
^

^^^^^i^^

^^^^^^^ ^^^^^^

^ arising from the change of station

from S to E ; E P wiU be the appa-

f rent direction of the planet seen from

-^-V^ E; and if S Q be drawn paraHel to

E I, the angle T S Q will be the geocentric longitude of the

planet, while T S E represents the hehocentnc longitude of

the earth, T S p that of the planet. The [oi-mer of these,

T SE, is given by the solar tables; the latter, Tb p, i»

found by the process above described (art. 500). Moi^ov-

S P is the radius vector of the planet's orbit, and S E that

of the earth's, both of which are determmed from the known

dimensions of their respective ellipses, and the places of the

bodies in them at the assigned tkne. Lastly, the angle

P S P is the planet's heliocentric latitude.
, , ,

(503.) Oui object, then, is, from all these data, to de-

teiiine^he angleT S Q, and P E,, which is
Jl^

geocent-

latitude. The process, then, will stand -
f

lows -l^t,

Tr. thP triano-le S P P, right-angled at p, given b i
,
and tne

a^^rpT; (the planet's ra£us vector and heliocentric

angle X ^ V i
_ ^ triangle S B p,

s'/otfffr^. S I (*e ^cU. .a<Hus vecto.,

S an-le E S „ rtl.e difference of hdiocentnc lo.g.tudes ot

he e h and planet), find the angle S p E. and tl>e .de

EV The former being equal to the alternate ang e p & Q.

IL parallactic removal of the planet 'o"g,t,;de . A
added to T S;.. gives its geocentnc long, ufe Theja^

V r. C»Woh is caUed the curtate distance of the planet

eSn giv- at once the geocentric latitude, h, means of
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tte right-angled triangle P E of wliich E -p and P p are
known sides, and the angle P E is the geocentric latitude
sought.

(504.) The calculations required for these iDurposes are
nothing but the most ordinary processes of plane trigo-
nometry

; and, though somewhat tedious, are neither intricate
nor difficult. When executed, however, they afford us the
means of comparing the places of the planets actually
observed with the elliptic theoiy, with the utmost exactness,
and thus putting it to the severest trial ; and it is upon the
testimony of such computations, so brought into comparison
with observed facts, that we declare that theory to be a true
representation of nature.

(505.) The planets Mercury, Yenus, Mars, Jupiter, and
Saturn, have been known from the earliest ages in which
astronomy has been cultivated. Uranus was discovered by
Sir W. Herschel in 1781, March 13th, in the course of a
review of the heavens, in which every star visible in a
telescope of a certain power was brought under close ex-
amination, when the new planet was immediately detected
by its disc, under a high magnifying power. It has since
been ascertained to have been observed on many previous
occasions, with telescopes of insufficient power to show its

disc, and even entered in catalogues as a star ; and some of
the observations which have been so recorded have been
used to improve and extend our knowledge of its orbit.
The discovery of the asteroids dates from the first day of
1801, when Ceres was discovered by Piazzi, at Palermo;
a discovery speedily followed by those of Juno by pro-
fessor Harding, of Gottingen, in 1804; and of Pallas and
Vesta, by Dr. Olbers, of Bremen, in 1802 and 1807 re-
spectively. It is extremely remarkable that this important

!
addition to our system had been in some sort surmised as a
thmg not unlikely, on the ground that the intervals between
the orbit of Mercury and the other planetary orbits, go on
doubbng as we recede from the sun, or nearly so. Thus,

'
the interval between the orbits of the Earth and Mercury is

'

"Tfl between those of Venus and Mercury
1
that between the orbits of Mars and Mercury nearlv twice
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that between the Earth Mercury ,.nd^ so on^ Tlve

interval between the orb
^^^^^^Z.^.^^V^^to thi.

ever, is much too great, and wouia lorm i

law.' whieh is, ^^owever a,^ r^pe^^^^^^

the three planets next » "^^ °
^ tie

four planet,, differmg greatly m a" c^^ «
^j^^
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^I'^^J'J^^^^Z^'^e.n distanees

frtr,:i%r:i»™-
rgitT this^ *Xt-:'= bt:

KepWs laws, e-e -—
^^^^^^

«,e cn:eum^an es we have OU
^ ^^^^
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cidental comcidence, and b"''™.,
^„ conjectured

TT t:J^strS- sJrg«a" r pJet wHch
that the asteroids are ™g

,

^ ^ ^y^h has been blown

forn,erly circulated in that mte^l but^^^^

^^^^^

to ator^s by an -P'-»
which present discs ;

and

ceeding °\tar»setnumerable more such frag-

rn::sti:r:: ^nrL'^ec^s"^^
rr-.":ss:r-^^^-^ -""""
^

J , ^ of ilie numbers 4, 4 + 3, 4 + 6,

. Tb. progression is 1'^" u™ff 2-e ""'^ "'
'"'"""'fi^i'.

'"lu^tr 'T^rth X NeptLel of feet the first fraction

Venus X Jupu':' _ — — * r

^^^^^^^'^'^ JZ the approach to venfication of the L.w is

1-02 ; and the last =

really very near.
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extent as a matter of fact by subsequent discovery, the result
of a careful and minute examination and mapping down of
the smaller stars in and near the zodiac, undertaken with that
express object. Zodiacal charts of this kind, the product of
the zeal and mdustry of many astronomers, have been con-
structed, m which every star down to the ninth, tenth or
even lovver magnitudes, is inserted, and these stars beino-
compared with the actual stars of the heavens, the intrusioS
of any stranger within their limits cannot fail to be noticed
^vhen the comparison is systematically conducted. The dis-
covery of Astr^a and Hebe by professor Hencke in 1845 and
1847 revived the flagging spirit of enquiry in this direction

;w.th what success the list in the Appendix to this volumjwi
1 best show. The labours of our indefatigable countryman,Mr. Hind have been rewarded by the discovery of no lessthan eight of them.

(506 ) The discovery of Neptune marks in a signal mannerthe maturity of Astronomical science. The proof^ or at leaslthe urgent presumption of the existence of Lh 1 planet aa means of accounting (by its attraction) for certain smal
irregularities observed in the motions of Uranus, wafalFoTd dalmost simultaneously by the independent researches of twogeometers, Messrs. Adams of Cambridge and Lever er ofPans, who were enabled, from theory alone, to calculatewhereabouts it ought to appear in th^l U^J^^^the places thus independently calculated agreei^/su oris-gly. m^Mn a single degree of the plafe assig^ 7Ty

GTT.\'t"'1'"^' communicated to

itwo fnd a h If f
Observatory at Berlin, and within

aJlll / 1 [
'""^''^'^^ by Mr. Adams, it was

' l^\rt ^^"^ first night (Sept.
2"

;turn fftel
""^^^ 1 ^^^^^"^^"'^ comm^uniLtion, on

ts ii^edint 'II'" ^°-P^"°g «tars i„

n hl^^;;^^
-th those previously laid down

°* ^°^^acal charts already alluded to.*

* Constructed bv Dr t? -i « «
noble aiseovery, J^re ^X^^^L^'^^^^ S^m^::^"'

""^ ""^^-^ '"'^

"wastTSr''^'','''? ^«'">- in ewigem Bunde,
'"^ versi,„cht leistet die Andre gewiss."
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(507.) The mean distance of Neptune from the bu". how-

ev . o'far from falling in.ith the ^P"-/ f

= .tn^™2r :if'i:: r;r xh.

they n'^y
rtemporary footing in the path to great

rtones,
;f remark wiU te move apparent

tocovenes. The 'orce
j,,, mature of

;X:e«2-*^ - ^^--^ ^'^'""^

"^508-) We shall devote the rest of
^""'f

. „™t of the physical peculiarities and prohaUe condrt.on of

account oi the p y 1
^^^^^ known by oh-

the
'^';'"'\^^''^^^^,,,,,r.vro^^.Ue grounds of conjecture,

servation, or the latter reai
_

y
necessaiuly

In tlus, three features P™^.''"^ ^^^^jo^, by
p.„ductive of ^^--^^^J^-^^^ZtJr.^^ ^fe must

which, rf they be hk our eaxth
^^^^^^^^ ^

be supported l^ese are, ,

^^^^ ^^^.^^^j^,^

spective supplies of bght and heat
forces which

the difference - 'he mtens.t.es of gra^^^^^^^^
^^^^^

.uust
^'^^^^'^'^''^ifZCn^ ot^Zs must bear to

T.*"'" Trtf tlSdtrafference in the uatur-e of

their weights; and, Uuroiy,
j^^^^,,

the materials of whrch, ^^"^^^1^^,^,^ consist. The

density, we have
^^^^J^^XlX^^-- °°

Srr-ontS;i:audon\e.uueeOO^^^^^^^^^^^^

;,.„.. on «, a,o.. -^ii .i,™,. .f »;»-^
re-observation.

wc,
,3 ;^^,., chart (which would

'"^^
J''

the planets

the presence of an m l l.^^
.^^ ^„„o^neement as such b> D-. Oal

existence as a visioie o j
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the proportion between the two extremes being that of up
wards of 5600 to 1. Let any one figm-e to himself the
condition of our globe, were the sun to be septupled, to say
nothing of the greater ratio ! or were it diminished to a
seventh, or to a 900th of its actual power! It is true that
owing to the remarkable difference between the properties
of radiant heat as emitted from bodies of verj exalted tem-
perature, as the sun, and as from such as we commonly term
warm, it is verj possible that a dense atmosphere surroundino-
a planet, while aUowing the access of solar heat to its surface''
may oppose a powerful obstacle to its escape, and that thus
the feeble sunshine on a remote planet may be retained and
accumulated on its surface in the same way (and for the same
reason) that a very slight amount of sunshine, or even the
dispersed heat of a bright though clouded day, suffices to
maintain the interior of a closed greenhouse at a hio-h tem
perature We cannot then absolutely conclude the%reva-
lence of that excessive cold on the surface of a distant planetwhich Its mere remoteness from the sun might lead us, ^n'^^d
jacie, to expect. ^

(508. b
) Again, the intensity of gravity, or its efficacym counteracting muscular power and repressing animal

activity on Jupiter, is nearly two and a half times that onthe Earth, on Mars not more than one-half, on the Moon
one-sixth, and on the smaller planets probably not more than
one-twentieth

;
giving a scale of which the extremes are inthe proportion of sixty to one. Lastly, the density of Saturn

hardly exceeds one-eighth of the Earth's, so that it must con
sist of materials not heavier on the average than dry fir wood^ow, under the various combinations of elements so impor'
tant to life as these, what immense diversity must we not

seems, so far as we can judge by what we see around us inour own planet, and by the way in which every corner of i^

1 h :
'"'-^^ - unceasin. and

z
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(,09.) QuUang, however. -^^'[^^rtT:,
J Jno. ^o^;;"^';t':;:S «itL iu read,

of the »etual conifon °f
th«n that it is rouni. and

Of Mercury we can see 1'""= ""°
, „„el. lost m the

exhibits phases ^
^he S n, to allow us to n,aUe

constant neighbourhood of the b
,

^^^^^^^^

out more of its nature. The >«^' f,„„ 5" to

.bout 3200
f'- >''JX l; :-^^ble peculiarities:

^2". Nor does Venus offer any

although its real diameter -s 7800 m. es,
^^„_

easionally attains the con.derable m^"- the

which is larger than ° J.^ telescopes. The

„„.t difficult of theut
j'«:;l,,,es the sight, and

intense lustre of
'J' '"""^^f t,,escope; yet we see

exaggerates every *7 ^^^.i^a over with permanent

clearly that ,ts surface " ""
J;^ ;t neither mountams nor

spots like the Moon; "
,Mch sometimes we

ladows, but a uniform br.gbt^ ss
^^.^^^^ ,

n,ay indeed fancy, or PO*'-P
""'Vnevcr rest fully satisBed

obscurer portions but
-"OeTva ions t thiskind that both

of the fact. It is from
'"'"f ', ,,3 to revolve on their

tnus and Mercury have been conduaed^

,,es in about the same .me »s th b
.^^^^^ ^

ease of Venus, Bmnclnn. and othe
^^^^ j^^.th.

have contended for a penou 01 .

rare appeai^"^

The most natural -nclu^n fr m
„„t see,

.nd want of
P-7"-°Vsurfac o l>ese planets, but only

„s in the Moon, the
"^'^^/J^;,,, ,,„nds, and which may

shine. . different with Mars. In this

(510.) The case is very ditteie
distinctness, the

p,tt we f-,uently disc^r. wi*
J^^^^^^^^^

^
„I.

Outlines of what may be contin nte
^^^^^^^^^^ seen

1., which
represents Mais 'U » ^^^^^^^^ „j

f„ th; 16th of Augurt,
^distinguished by that

«ol S rarlSLes the light of this pUnet
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(whicli always appears red and fiery), and indicates, no
doubt, an ochrey tinge in the general soil, like what the red
sandstone districts on the Earth may possibly offer to the
inhabitants of Mars, only more decided. Contrasted with
this (by a general law in optics), the seas, as we may call
them, appear greenish.* These spots, however, are not
always to be seen equally distinct, but, when seen, they offer
the appearance of forms considerably definite and hiahly
characteristicf brought successively into view by the rotation
oi the planet, from the assiduous observation of which it has
even been found practicable to construct a rude chart of the
surface of the planet The variety in the spots may arise
from the planet not being destitute of atmosphere and clouds :and what adds greatly to the probability of this is the ap^
pearance of brilliant white spots at its poles, -one of whi happears m our figure, - which have been conjectured, withsome probability, to be snow , as they disappear when theyhave been long exposed to the sun, and are greatest whenjust emerging from the long night of their polar winter he

:

snow ine then extending to about six degrees (reckoned on
=

ameridian of the planet) from the pole.
^
By watchi" the:spots dunng a whole night, and on successive nil ts it i

! 7l8'tth^^r'^ ^ 7'^'°^ ^^^^ inclined"2^rfU 18 to the ecliptic, and in a period of 24^^ 37°^ 2V\ f]
.same direction as the Earth's, or from west to east tL^greatest and least apparent diameters of Mars are \" and'18

,
and Its real diameter about 4100 miles,

IT
^^'\^'^]!^^ *° ^ "^"^^^ ^^^-^ magnificent planet

«.\n: '"P' '^"^^ being in diameter no lesi.^han 87,000 miles, and in bulk exceeding that of the krth

-iance of four moons, satellites, or secondare; planets, as they are

dTsS ^tn^'oTX^Lf"'"^V" '""l
"^'^ -"^"y ----- but

'

Wessrs. JJeerand Miidler ' ""''^ '^e chart in No. 349, by

uMucfir. J49. 22-736, Proctor, A. S. Nut. xxix. 232,
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called, which constantly accompany and revolve about it, as

the Moon does round the Earth, and in the same du-ection,

forming with their principal, or primary, a beautiful J^miature

system, entirely analogous to that greater one of which their

central body is itself a member, obeying the same laws, and

exemplifying, in the most striking and instructive manner,

the prevalence of the gravitating power as the ruhng prin-

ciple of their motions : of these, however, we shaU speak more

at large in the next chapter.
. ^ u

(-519 ^ The disc of Jupiter is always observed to be

crossed in one certain direction by dark bends or belts pre-

sentino- the appearance, in Plate III. fig. 2., which represents

t^planet as seen on the 23rd of September, 1832, m the

20-feet reflector at Slough. These belts are, however, by no

means alike at all times ;
they vary in breadth and m situa-

tion on the disc (though never in their general direction).

They have even been seen broken up and distributed over

the whole face of the pknet; but this phenomenon is ex-

treml rare. Branches running out from them and subdi-

visrons! as represented in the figure, as well as evident darker

Tots Ive by no means uncommon. But the most singula

Pomenon presented by the belts of Jupiter is the occasiona

appearance upon them of perfectly round, well defined bi gh

spots (not unlike the discs of the satellites (see art. 540.) a.

th y are occasionaUy seen projected on the planet when

plsL. between it and the Earth, only smaller. They vaiy

Htu^ation and number, as many as ten having, on one o -

casion (Oct. 28, 1857), been seen at once, but, so far a.

b thei-to observed, only on the southern hem^phere of Jupitei.

They were first noticed by Mr. Dawes m the spring of 849

L Lt described and figured by Mr. Lassell, March 2 .
,185a

They have been more recently again and more distmctly a d

consecutively observed by the former of these observers, who

Tns <viven fi-ures of them in Ast. Soc. Not. xvui. pp. 8. 40-

(tv2 a )°Erom the appearances and configurations o the

Jts, ^tt^iitively watched, it is concludc.1 tjiat this^p aue

revolves in the surprisingly short perrod of 9 55
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(Airy), on an axis perpendicular to the direction of the belts
iNow, It is very remarkable, and forms a most satisfactory
comment on the reasoning by which the spheroidal figure of
the Earth has been deduced from its diurnal rotation, that the
outlme of Juijiter's disc is evidently not circular, but elliptic
being considerably flattened in the direction of its axis of ro-
tation. This appearance is no optical illusion, but is authen-
ticated by micrometrical measures, which assign 106 to 100
for the proportion of the equatorial and polar diameters.
And to confirm, in the strongest manner, the truth of those
principles on which our former conclusions have been founded
and fuUy to authorize their extension to this remote system'
It appears, on calculation, that this is really the degree of
oblateness which corresponds, on those principles, to the
dimensions of Jupiter, and to the time of his rotation.

(51 3.) The parallelism ofthe belts to the equator of Jupiter
their occasional variations, and these appearances of spots seenupon them, render it extremely probable that they subsistm the atmosphere of the planet, forming tracts of compa-
ratively clear sky, determined by currents analogous to our
trade-wmds, but of a much more steady and decided charac-
tei^ as migiit indeed be expected from the immense velocity
of Its rotation. That it is the comparatively darker body of
the planet which appears in the belts is evident from this —
that they do not come up in all their strength to the edge of
the disc, but fade away gradually before they reach it The
round bright spots described above may therefore not impos-
sibly be msulated masses of cloud, of local origin, analogous
to the cumuli which sometimes cap ascending columns of

'

'

vapour m our atmosphere. The apparent diameter of Juoiter
' varies from 30" to 46".*

(514.) A still more wonderful, and, as it may be termed,
.elaborately artificial mechanism, is displayed in Saturn, the

umuchTnf •

^'"^^^^^^^^ t« Jupiter, to which it is not"much inferior m magnitude, being about 79,000 miles in dia-

Uupi£,1he^fofZ''r'a/l„^f'^ published fine representations of
^L.t..ri„l,i. observatory a/ c^^^^^^^

^'''^ °^ Teneriffe (alt. 10,700 ft.), the
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meter, nearly 1000 times exceeding the earth in bulk and

subtending an apparent angular diameter at the earth of

about 18° at its mean distance. This stupendous globe,

besides being attended by no less than eight satellites, or

moons, is svfrrounded with three broad, flat and ex reme^

thin rings, concentric with the planet and with each other, the

inner bSng very faint and semi-transparent ;
all ymg m one

plane, and separated by a very narrow interval from each

other throughout their whole circumference, as tbej are fem

the planet by a much wider. The^dimensions of this extra-

ordinary appendage are as follows *
: —

^^.^^^

40-095 = 176,418
Exterior diameter of exteiior bright ring - - -

3^5.289 = 155.272

Interior ditto - - T " ^ . 34-475=151,690
Exterior diameter of interior bright riDe

^ ^ ^ 26-668 = 117,339

Interior ditto - ',T. " " . - 1T991= 79,160
Equatorial diameter of the body - - 4-339= 19,090

Interval between the planet and interior bright nng
^ ^^^^^

Interval of the rings - - " " ' _ . _ 250
Thickness of the ring not exceeding -

rru ^ n f-p\ TTT no 3.) represents Saturn surrounded

^^.^L^, -2 bo'dy striped with dark bdts

som what similar, but broader and less strongly --ked to

tre of Jupiter, and owing, doubtless, to a similar au.e^t

Whatever hi the materials of which the ring consists (and

lere are strong reasons, Art. 522., for believing it no to

there
^

° . least substantial enough to

Tar: sL:w^Tl^::ll^ the Earth is properly sU^ated

may be seen on the body of the planet on the side ne^t tbe

T L nl.o to receive one when thrown on it by the body

Sun ;
as ^^^^

^^f^^^^^ ^^^^ „f i.tter shadow, minutely

rriude thatL edge of the o"^^^^^^ eg-

rounded, and that the two rings do not he precisely m

. These dimensions are calculated 'Vo«|J'^^^-J.^'^^i^^^
, Mem Ast Soc. iii. 301., with the except.o of the ^ "c*^

^^.J^ ^onld

plate.
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plane. From the parallelism of the belts with the plane ofthe nng, it may be conjectured that the axis of rotation of theplanet IS perpendicular to that plane ; and this conjecture i!confirmed hj the occasional appearance of extensive dusky
Jts on ,ts surface which, when watched, like the spots onMars or Jupiter, indicate a rotation in lO'^ 16- 0-44 (accord

'''' ^--'^^^) an axis"

(515 )
The axis of rotation, like that of the earth, preserves

.ts parallelism to itself during the motion of the pinet in iorbit; and the same is also the case with the ring, whoseplane is constantly inclined at the same, or very nearly thesame angle to that of the orbit, and, therefore, to theechpt,c VIZ. 28° 11'; and intersects the latter pi ne in ame, which makes at presentf an angle with the 1 ne of

it)/
^1 and 347 31 of longitude. Whenever, then theplanet happens to be situated in one or other of these Wtudes as at C, the plane of the ring passes through th sunwhich then illuminates only the ed^e of it Ind ff Ti?'

earth at that moment be in f', it will e rin/elell^
e planet being in opposition, and therefore m^ost C';:ably situated (c.ieris paribus) for observation. Under Ihesecircumstances the ring, if seen at all, can only appear as avery narrow straight line of light projecting on dtW s deof the body as a prolongation of its diametel In iquite invisible m any but telescopes of extraordinary poweVThis remarkab e phenomenon takes place at intervL o7 fiflteen years nearly (being a semi-period of Saturn in its orbit)One disappearance at least must take place whenever Saturnpaases either node of its orbit; but three must freciurnti;h Pljen, and two are possible. To show this, supposl S obe the sun, AB CD part of Saturn's orbit .iLatfd so as to
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include the node of the ring (at C); f «« tl,e^:tc

„..bU; SC the line 0^^;^ G andt tC dtain of

touchinc^ the earth's orbit m 1. ,
ana le^ l

rtn of both bodies be that^^^^^Zr.^^
since the ring preserves P'^-^tX - d sa^earance

r:s:;ri:»-t';j^;~^:-^^ee:fh

d -R nr S D the distance of

of the arc B D. Now, ™=« ^ B \j „f the Earth, as

Saturn frona the S™. « '» or S G, t
^ ^^^ -^^^

9.54to 1 the augle C S D or^

described by Saturn (on an

angle B S D _ 2 2 .

^ 5.3 j.ys of a complete

average) m 359 «
^y^' an entire revo-

year. The Ea,rth tnen u
disappearance is pos-

lution within the Umrts °f
,^5^ e F G or G H F,

rible; and since, in either

^'^If^'^''^ ^ng, one such

it may equally ^B-unter 1« pl-e 0
» ^^^^^^

encounter at least ,s ™
^h's orbit described

(516.) Let G a be the arc f

f'^^^^^, „f gatnnvs

from G in 5-8 days. Tlf-^*
^iU encounter the plane
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of Saturn's motion) through all the arc M E P G up to G,
where it will again overtake it at the very moment of the'
planet quitting the arc B D. In this state of things there
will be two disappearances. If, when Saturn is at B, the
Earth be anywhere in the arc a H E, it is equaUy evident
that it will meet and pass through the advancing plane of the
ring somewhere in the quadrant H E, that it will again
overtake and passthrough itsomewhere in the semicircle E F G,
and again meet it in some point of the quadrant G H, so that
three disappearances will take place. So, also, if the Earth
be at E when Saturn is at B, the motion of the Earth beino- at
thatmstant directly towai-ds B, the plane of the rino- will
for a short time leave it behind ; but the ground so lost beino-
rapidly regained, as the earth's motion becomes oblique to
the Ime of junction, it will soon overtake and pass through
the plane m the early part of the quadrant E F, and passino-
on through G before Saturn arrives at D, will meet the plane
agam m the quadrant G H. The same will continue up to
a certam point h, at which, if the earth be initially situated
there will be but two disappearances- the plane of the rinc^
there overtaking the earth for an instant, and being imme°-
diately again left behind by it, to be again encountered by
It m G H. Fmally, if the initial place of the earth (when
Saturn is at B) be in the arc b F a, there will be but one
passage through the plane of the ring, viz., in the semicircleH E, the earth being in advance of that plane throughout
the whole of 5 G.

(517.) The appearances will moreover be varied accordino-
as the earth passes from the enlightened to the unenliaht-
ened side of the ring, or vice versd. If C be the ascending
node of the ring, and if the under side of the paper be sup-
posed south and the upper north of the ecliptic, then, when
the Earth meets the plane of the ring in the quadrant H E
1 passes from the bright to the dark side : where it overtakel
It m the quadrant E F, the contrary. Vice versd, when itovertakes it in F G, the transition is from the bright to thedark side, and the contrary where it meets it in G H. Onthe other hand when the.earth is overtaken by the ring-plane
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in the interval E b, the change is from the bright to the dark

side. When the dark side is exposed to sight, the aspect o

the planet is very singular. It appears as a bright round

disc with its belts, &c., but crossed equatonally by a nanow

and perfectly black line. This can never of course happen

when the planet is more than 6° 1' from the node of the nng^

Generally! the northern side is enlightened and visile when

the heliocentric longitude of Saturn .s between 173 32 and

341° 30', and the southern when between 353 32 ana ioi

30' The greatest opening of the ring occurs when the

planet is situated at 90° distance from the node of the rmg,

or in longitudes 77° 31' and 257° 31', and at these pom s

the longei diameter of its apparent ellipse is almost exactly

double the shorter.

(5\B ) It wUl naturally be asked how so stupendous an

arch if composed of solid aud ponderous materials, can be

sustained without collapsing and falling ",^P-
P'jf

The answer to this is to be found m a swift rotation ot the

;L in its own plane, which observation has detected, owing o

some portion of the ring being a little lessbright than othei»

and assi^ed its period at 10' 32« 15% which, from what ve

knorof i s dimensions, and of the force of gravity in the

Slrnian system, is very nearly the periodic time of a sat -

lite revolving at the same distance as the middle of it»

h eadth It is the centrifugal force, then, arising from this

r attn which sustains it; and although no observation nice

e our to exhibit adlfference of periods between the outer and

kner°riu"8have hitherto been made, it is more than probaMe

tha such°a difference does subsist as to place each indep nd-

,1 of the other in a similar state of «qu.l.bruim. Still, it

'
1% L nr° d such is the thinness of the rings that it may

we iflb.:! whether the strain brought upon eit er

I? them by the difference of its interior and exterior cent -

f .J forces if solid, would not suffice to tear it in pieces^

con tto'ion ;vould obviate this difficulty and indeed

Hi!veryp ssible that the rings may he g---;""*^

lid a miVe of gas and vapour as consists with our idea

of a cloud.
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(519.) Although the rings are, as we have said, verj
uearlj' concentric with the body of Saturn, yet micrometri-
cal measurements of extreme delicacy* have demonstrated
that the coincidence is not mathematically exact, but that
the center of gravity of the rings oscillates round that of the
body, describing a very mimite orbit, probably under laws
of much complexity. Trifling as this remark may appear,
it is of the utmost importance to the stability of the system'
of the rings, if solid and coherent. Supposing them mathe-
matically perfect in their circular form, and exactly concen-
tric with the planet, it is demonstrable that they would form
a system in a state of unstable equilibriuin, which the slightest
external power would subvert—not by causing a rupture in
the substance of the rings—but by precipitating them un-
broken on the surface of the planet. For the attraction of
such a ring or rings on a point or sphere excentrically within
them, is not the same in aH directions, but tends to draw the
point or sphere towards the nearest part of the ring, or away
from the center. Hence, supposing the body to bec°ome, from
any ^jause, ever so little excentric to the ring, the tendency
of their mutual gravity is not to correct but to increase this
excentricity, and to bring the nearest parts of them too-ether
Now, external powers, capable of producing such excentricity
exist m the attractions of the satellites, as will be shown in
Chap. XII.

;
and in order that the system may be stable,

and possess within itself a power of resisting the first inroads
of such a tendency, while yet nascent and feeble, and oppos-
ing them by an opposite or maintaining power, it has been
shown that it is sufficient to admit the rings, if solid, to be
loaded in some part of their circumference, either by some
mmute inequality of thickness, or by some portions beino-
denser than others. Such a load would give to the whole
ring to which it was attached somewhat of the character of
a heavy and sluggish satellite maintaining itself in an orbit
with a certain energy sufficient to overcome minute causes
01 aisturbance, and establish an average bearing on its center.

M. Schwabe"'"' « suspicion suggested by the eye-observations of
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But even without supposing the existence of a,ny suehload

_ of wbieh, after all, we have no proof,- and
.g-'J'-g.

its full extent, the general
^^fJ-^^^teTa^re

thiuk we pereeive, iu the rapid per>od,o,ty »
"^n

of disturbanee, a sufficient guarantee of its P"''^;™^"^

However homely he the illustration, we can coneoye notong

more apt iu every way, to give a general conception of this

Ta ntenance of equilibrium under a constant tendency to

Zvfrsiou, than the mode in which a practised baud wdl

.ns^u a lone pole in a perpendicular position resting ou the

fiurby a lntinualand almost imperceptible variation of

pJinfof support. Be that, however, as it .nay he ob-

served osciUatim of the centers of the rings abou that of

%'.tfbl:i:rr?l-bserve,tha..thesm^^^^^

di^eni of velocity between ^
^I.: SoTto

infalUbly precipitate the alter on
'^"^"^^^^I'^^l.^^.i ,

separate (for they would,
<>-%>VbB r^^ether ever after

position of motions

by an immense force); it toUovis,
adiusted

Jtheir common orbit round the buu mn li « be n

to each other by an '=''«-""\P7"' ' * *;„,ed about the
the rin"-s must have been loiraeu

csion, 01 that t^e nn
^^^.^^^ ^^^^^^^

planet while subject to then con

Lder the full and free

^^^l^^^^^^^^^^^^
by many

(f^oi \ [The exterior ring ot batuin is .

obterll rather less luuiu-ous than t e .nter.o. a the

mner portion of this ^-^VZd.^f he Harvard

Nov. 11, 1850, however, Mu G. 1^.130 .

eqnatonal of '"^ '

-^^^ definite, and an

marcatiou b^'-^^"
Tuskv border to such au extent

extension inwards ol tlie aus y
^^^^^

(one fifth, by measwemera, of the jrant



CONSTITUTION OF SATURN's RINGS. 349

rings), as to justify him in considering it as a newly-discovered
ring. On the nights of the 25th and 29th of the same
month, and without knowledge of Mr. Bond's observations,
Mr. Dawes, at his observatory at Wateringbury, by the aid
of an exquisite achromatic by Merz, of 6^ inches aperture,
observed the very same fact, and even more distinctly, so as
to be sure of a decidedly darker interval between the old and
new rings, and even to subdivide the latter into two of une-
qual degrees of obscurity, separated by a line more obscure
than either.

(522.^ Dr. Galle of Berlin, however, would appear to
have been the first to notice (June 10. 1838) a faint ex-
tension of the inner ring towards the body of the planet, to
about half the interval between the then recognized inner ring
and the body, as shown by micrometrical measures. But this
result remained unpublished (or at least not generally
known) until after the observations of Messrs. Bond arid
Dawes. The most remarkable feature of this singular dis-
covery is, that subsequent observations, from many°quarter.
have concurred in showing the new ring to consist of semi
transparent materials through lohich the limb of the planet may
be seen up to the edge of the interior bright ring. Dark lines
(apparently of a transitory nature) have been observed on the
bnght rings parallel to the permanent dark interval dividino-
them. All these indications taken in conjunction with what
IS said in art. 518. decidedly point to a vaporous constitu-
tion of these wonderful appendages.*]

_

(522 a.) Still it has been thought remarkable that this new
ring, or appendage to the rings, should not have been dis-
covered earlier

;
and it has even been conjectured that the

breadth of the ring has been gradually increasing inwards
since the time of Huyghens, its first discoverer: and this
conjecture for a while appeared to be supported by micro-
metrical measures obtained by M. Otto Struve (with whom
tne conjecture originated), which seemed to show a still

ablto?poSfofte^;l"'!h''"°-'/"^ considerable star would afford an adrair-

succession throLh hem^
the existence of fissures in the rings, as it would flash in

when Saturn traver J,lio J!;"»P'^°'^f""/y°f matching for such occultations-,a^erses the Milky-Way, for instance— should not be neo-lected
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further diminution of the interval between the rings and the

ball. The question,however,aprearstobe efinj^^^^^^^^^^^^

in the negative by the elaborate micrometncal measures ot

M. Main, at the Lyal Observatory at Greenwich, and by

the discussions entered into by M. Kaiser. ^-n..^^
r522 b ^ The rincrs of Saturn must present a magmhcent
(^52^ 0.) xne im^

_ T^lnnet which be above
spectacle from those regions of the

P^^^f ,

their enlightened sides, being seen as vast 1^™^^"°^ j^^'

panning 'the sky from horizon to horizon, an^l ho in^ an

Lost invariable situation among the

^^^J?;^^,

"orresponding to parallels of ^
occasion a

^^^^^^^^^

between these parallels It is othm i

^^^^

^reover, when traced along "^"rl^te fom such

with parallels of declination tj
bnt j ™ «

parallels towards the
^';f,^^::;;:^'sT^.,U..,

elder that a perpendicular ST *--om any p

surface to the plane of the ring AB is parallel

s

1 c
D 13

Cation ; so that the right cone ASD, generated by the revo-

toionof ASround ST,t,-aces on the heavens a circle of decli-

* Mem. Ast. Soc. xxv.

t Ast. Soc. Notice, ^ ;„ n,i„ute detail by Dr. Lardner, wh

} The c;rcu«es have^ surface of th

SSel l^l^d^tjr^^^^^^^
P-nted l,y the nngs.
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nation, having the edge A of the ring for its upper culminating
point; Avhereas the oblique cone A SB, tracing the visible
course of the ring in the heavens, though coincident with the
former at its upper culmination A, lies elsewhere wholly
exterior to it, and has its inferior culmination B nearer to the
elevated pole by the angle BSD, the difference of the ano-Ies
ot the two cones. The apparent course of either ed-e of'^the
ring then, ,s a curve touching the circle of declination at
which that edge culminates, but receding from it towards the
elevated pole, so as to allow stars or the Sun to be visible at
certain seasons under the ring at their rising- to be eclipsed
wholly or partially by it at its under edge, and again to
emerge before setting. This will not prevent, however,
some considerable regions of Saturn from suffering very lono-
otal interception of the Solar beams, affording, to our idea.s
but an inhospitable asylum to animated beings, ill compen-
sated by the feeble light of the satellites. B^; we shaul
wrong to judge of the fitness or unfitness of their conditionfrom what we see around us, when perhaps the very combi-
nations which convey to our minds only images of horror,nay be, m reality, theatres of the most striking and o-briou
displays of beneficent contrivance.

(523.) Of Uranus we see nothing but a smaU rounduniformly illuminated disc, without rings, belts, or discernible
spots. Its apparent diameter is about A!', from which itnever varies much, owing to the sraallness of our orbit in com-
parison of Its own. Its real diameter is about 35,000 milesand Its bulk 82 times that of the earth. It is attended b^
tour satellites, whose existence may be considered as con-
clusively established (and more have been suspected)

(524.) The discovery of Neptune is so recent, and its

seeing it with perfect distinctness, that nothing very positive

,

,Mt^-*°.^^^Ph7-alappearance. It;asalfi~
It is at 1 r,\' '"^P'^^«° been verified.

I hi bl ,
^ ""^ the existence of which^aa b en emonstrated by the observations of Mr. LassJl

•
M. Utto Struve, and Mr. Bond.
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(525.) If fte immense distance of Neptune precluaes all

hole o earning at much knowledge of its physical state, the

hope ot »
»,t„„ids is no less a bar to any enqmry

ZTZZ otTZZ Pallas, has been said to have

s^e vh of a nebulous or hazy appearance, ind-attve of au

e-reu Ive and vaporous atmosphere, little repressed and n

densed by the inadequate gravity ot so small a mass, it .

p rable, however, that the appearance in quesfon has ong -

^n^in some -pe^-ion in the— ^^o^^^^^^

Xhrri:"-tJ^- ohserv. and those

ihtxctithT'^tirKortr:::t

iS?:f'^r^ir:rt^::tx:p
:'i.^. s 00 feet high, and sustain no greater sho^ m h,s

T^vnm some recent researches of M. l^e\ eirier, api

fve"e warranted in attributing to the totaUty of the

Asteroids a quantity of matter qmte ms>gmficant^

orbits of
former, all exterior to the orbits

l^'^Tt^. Sa-, rranus. a^d Nep^u^^^^

.he Asteroids" ^^ni^^^^^^^^^^
forming a family apart, tneu m „

i„,rior to those of thejntenor plane s . *e^-

r—tLtwialal: interior planets revolve on

c leumsi.
jj^^ (24 ),

^u'" fral rtain°n the ease of Jupiter and Saturn

*r tTw P«io of rotation less than halt that lengtl>.

I tTf d Lity, too, as we shall see further on, an
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equally marked distinction of specific character is preserved
all the interior ones having about the same density as the
Eartli, while that of all the exterior is very much less
not exceeding a quarter of the Earth, and agreeing (in the
cases of Jupiter and Uranus) very closely with th°at of the
Sun.

(526.) We shall close this chapter with an illustration cal-
culated to convey to the minds of our readers a general impres-
sion of the relative magnitudes and distances of the parts of
our system. Choose any well levelled field or bowling-green
On It place a globe, two feet in diameter ; this will represent
the Sun

;
Mercury will be represented by a grain of mustard

seed, on the circumference of a circle 164 feet in diameter
for Its orbit

;
Venus a pea, on a circle of 284 feet in diameter •

the Earth also a pea, on a circle of 430 feet; Mars a rather
large pm's head, on a circle of 654 feet ; the Asteroids, crraina
of sand, in orbits of from 1000 to 1200 feet; JupTter a
moderate-sized orange, in a circle nearly half a mile across-
Saturn a small orange, on a circle of four-fifths of a mile •

Uranus a full-sized cherry, or small plum, upon the circum^
ference of a cu-cle more than a mile and a half; and J^eptune
a good-sized plum, on a circle about two miles and a half in
diameter. As to getting correct notions on this subject by
drawing circles on paper, or, still worse, from those very
childish toys called orreries, it is out of the question. To
imitate the motions of the planets, in the above-mentioned
orbits. Mercury must describe its own diameter in 41 seconds •

Venus in 4-" 14'
; the Earth, in 7 minutes

; Mars, in 4"- 48«'
Jupiter, 2^ 56-; Saturn, in 3^ 13-; Uranus, in 2^^ 16-'
and Neptune, in 3^^ 30-.*

lhe*nlan?t! I
P™"y Encyclopiedia,'' vol. 22. p. 197, the diameters of the orhits of

keof th? ' /°"'!!' 1"°"^'' distances from the center, and thesue of the sun xs enlarged to four feet, while the sizes of the planets are unaItered

A A
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CHAPTER X.

OF THE SATELLITES.

OF THE MOON, AS A SATELLITE OF THE EAKTH.- GENERAL PROX-

IMITY OP SATELLITES TO THEIR PRIMARIES, AND CONSEQUENT

SUBORDINATION OF THEIR MOTIONS.-MASSES OF THE PRIMARIES

CONCLUDED FROM THE PERIODS OF THEHl SATELLITES. —MAIN-

TENANCE OF KEPLER'S LAWS IN THE SECONDARY SYSTEMS. -OF

JUPITER'S SATELLITES—THEIR ECLIPSES, ETC.-VELOCITY OF

LIGHT DISCOVERED BY THEIR MEANS.- SATELLITES OF SATURN

_0F URANUS— OF NEPTUNE.

(527 ) In the annual circuit of the earth about the sun, it is

constantly attended by its satellite, the moon, which revolves

round it; or rather both round their common cen er oi

gravity; while this center, strictly speaking, and not either ot

the two bodies thus connected, moves in an elliptic orbit, un-

disturbed by their mutual action, just as the center of gravity

of a large and small stone tied together and flung into the air

describes a parabola as if it were a real material substance

under the earth's attraction, while the stones circulate round

it or round each other, as we choose to conceive the matter

(52S ) If we trace, therefore, the real curve actually de-

scribed by either the moon's or the earth's ^^-'^^1''^^^^^

of this compound motion, it will appear to be, no an exact

elhpse, but an undulated curve, like that -F-^^^^ ."^^'^^^

figure to article 324., only that the number of undulation, i.

a whole revolution is but 13, and their actual deviation fion

the general ellipse, which serves them as a central line

comparatively very much smaller-so much so, indeed, that

v^ry part of' the curve described by either the earth or moon

s JuL towards the sun. The excursions of the eai th on

either side the ellipse, indeed are so very sma as to b

hardly appretiable. In fact, tl^e center of gravity ot the

L th a^d moon lies always .Uhin the surface of the earth, so
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that the monthly orbit described by the earth's center about
the common center of gravity is comprehended within a space
less than the size of the earth itself. The effect is, never-
theless, sensible, in producing an apparent monthly displace-
ment of the sun in longitude, of a parallactic kind, which is
called the menstrual equation; whose greatest amount is, how-
ever, less than the sun's horizontal parallax, or than 8-6^

(529.) The moon, as we have seen, is about 60 radii of the
earth distant from the center of the latter. Its proximity
therefore, to its center of attraction, thus estimated, is much
greater than that of the planets to the sun ; of which Mercury
the nearest, is 84, and Uranus 2026 solar radii from its
center. It is owing to this proximity that the moon remains
attached to the earth as a satellite. Were it much farther
the feebleness of its gravity towards the earth would be in-
adequate to produce that alternate acceleration and re-
tardation in Its motion about the sun, which divests it of the
character of an independent planet, and keeps its movements
subordinate to those of the earth. The one would outrun,
or be left behind the other, in their revolutions round the
sun (by reason of ICepler^s third law), according to the re-
lative dimensions of their heliocentric orbits, after which the
whole influence of the earth would be confined to producing
some considerable periodical disturbance in the moon's motion"
as It passed or was passed by it in each synodical revolution.'

_

{5dO.) At the distance at which the moon really is from us
Its gravity towards the earth is actually less than towards the
sun That this is the case appears sufficiently from what
we have already stated, that the moon's real path, even when
between the earth and sun, is concave towards the latter
iiut It will appear still more clearly if, from the known
periodic times * in which the earth completes its annual and

_

* R and r radii of two orbits (supposed circular), P and the periodic
t.mes; then the arcs in .juestion (A and a) arc .0 each other as

«
to L.

Mnce the ver.ed sines are as the squares of the arcs directly and ...e rrdU in-
vorsely. these are to each other as i to ^; and in this ratio are the forces actin.on the revolving bodies in either case.

iL A 2
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the moon its monthly orbit, and from the dimensions of t\.o.e

o bits we calculate the amount of deflection .n e^er from

their tangents, in equal very minute portions of t.me as one

econd. These are the versed sines of the arcs ^^
time in the two orbits, and these are the

---^^f; ^ f
forces which produce those deflections. If

numerical calculation in the case befcn-e us
^^ ^^^^f^^^^^^^

1 for the proportion in which the intensity of the force men

ea?th in its orbit round the sun actuany exceeds U^^^

by which the moon is retained m zts orbit about t^^^ ^^^^h

(531 ) Now the sun is about 400 times more remote fiom

^
, ,

• Arid OS CTvavitv increases as the

scjuaies m >.

exceed that of terres-

distances, the intensity ot solai woum
f,„.t\,er

trial navity In the above proporlion, angnientedm the 1
uther

„f Iw sQuare of 400 to 1 ; that is, In the proport on of

^Tooot 1 and tlvefove, if we grant that the intensity of

^^^rfng energy—
6 2 The argument is, in fact, nothing more *an a e-

ca itnlation of what has been
f^l^l^:^^ tw

448.) But it is here
^---"^^^^lll^^Z or more sa.el-

the mass of a planet winch s attended bj

lites can be as it were weighed
»f"^"l^f^.^^^^^^^ „,,Hts

have learned. f™»
°''=-'rr\t s^ran bythe sa.elli.es

described by the planet about
J, j,,^,, „,ti,s

See art. (o61.)-
, . ^ a nttended by four

estimate.
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Neptune by one, or possibly more. Tliese, with their re-
spective primaries (as the central planets are called) form in
each case miniature systems entirely analogous, in the
general laws by which their motions are governed, to the
great system in which the sun acts the part of the primary,
and the planets of its satellites. In each of these systems
the laws of Kepler are obeyed, in the sense, that is to say, in
which they are obeyed in the planetary system—approxim-
ately, and without prejudice to the effects of mutual pertur-
bation, of extraneous interference, if any, and of that small
but not imperceptible correction which arises from the elliptic
form of the central body. Their orbits are circles or elHpses
of very moderate excentricity, the primary occupying one
focus. About this they describe areas very nearly propor-
tional to the times

; and the squares of the periodical times
of all the satellites belonging to each planet are in proportion
to each other as the cubes of their distances. The tables at
the end of the volume exhibit a synoptic view of the distances
and periods in these several systems, so far as they are at
present known; and to all of them it will be observed that
the same remark respecting their proximity to their primaries
holds good, as in the ckse of the moon, with a similar reason
for such close connection.

(534.) Of these systems, however, the only one which has
been studied with attention to all its details, is that of Jupiter;
partly on account of the conspicuous brilliancy of its four
attendants, which are large enough to offer visible and
measurable discs in telescopes of great power; but more for
the sake of their eclipses, Avhich, as they happen very fre-
quently, and are easily observed, afford signals of considerable
use for the determination of terrestrial longitudes (art. 286.).
This method, indeed, until thrown into the background by
the greater facility and exactness now attainable by lunar
observations (art. 287.), was the best, or rather the only
one which could be relied on for great distances and lono-
intervals. °

(535.) The satellites of Jupiter revolve from west to east
(tollowmg the analogy of the planets and moon), in planes
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very nearly, although not exactly, coincident with that of

the equator of the planet, or parallel to its belts. This latter

plane is inclined 3° 5' 30" to the orbit of the planet, and is

therefore but little diiFerent from the plane of the ecliptic.

Accordingly, we see their orbits projected very nearly into

straight lines, in which they appear to oscillate to and fro,

sometimes passing before Jupiter, and casting shadows on

his disc (which are very visible in good telescopes, like small

round ink spots, the circular form of which is very evident),

and sometimes disappearing behind the body, or being

eclipsed in its shadow at a distance from it. It is by these

eclipses that we are furnished with accurate data for the

construction of tables of the satellites' motions, as well as

with signals for determining differences of longitude.

-

(536?) The eclipses of the satellites, in their general con-

ception, are perfectly analogous to those of the moon, but in

their detail they differ in several particulars. Owing to the

much greater distance of Jupiter from the sun, and its

greater magnitude, the cone of its shadow or umbra (art. 420.)

is greatly more elongated, and of far greater dimension, than

that of the earth. The satellites are, moreover, much less in

proportion to their primary, their orbits less inclined to its

ecliptic, and (comparatively to the diameter of the planet) of

smaller dimensions, than is the case with the moon. Owing

to these causes, the three interior satellites of Jupiter pass

through the shadow, and are totally eclipsed, every revolution;

and the fourth, though, from the greater inclination of its

orbit, it sometimes escapes eclipse, and ma;/ occasionally graze

as it were the border of the shadow, and suffer partial eclipse,

. yet does so comparatively seldom, and, ordinarily speaking,

its eclipses happen, like those of the rest, each revolution.

(537.) These eclipses, moreover, are not seen, as is the

case with those of the moon, from the center of their motion,

but from a remote station, and one whose situation with

respect to the line of shadow is variable. This, of course,

makes no difference in the times of the eclipses, but a very

great one in their visibility, and in their apparent situations
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with respect to the planet at the moments of their enterino-
and quitting the shadow.

(538.) Suppose S to be the sun, E the earth in its orbit
EFGK, J Jupiter, and a h the orbit of one of its satellites.

The cone of the shadow, then, will have its vertex at X, a
point far beyond the orbits of all the satellites ; and the

penumbra, owing to the great distance of the sun, and the
consequent smallness of the angle (about 6' only) its disc
subtends at Jupiter, will hardly extend, within the limits of
the satellites' orbits, to any perceptible distance beyond the
shadow,— for which reason it is not represented in the figure.A satellite revolving from west to east (in the direction of
the arrows) will be eclipsed when it enters the shadow at a,
but not suddenly, because, like the moon, it has a considerable
diameter seen from the planet ; so that the time elapsing
from the first perceptible loss of light to its total extinctioS
will be that which it occupies in describing about Jupiter
an angle equal to its apparent diameter as seen from the
center of the planet, or rather somewhat more, by reason of
the penumbra

;
and the same remark applies to its emergence

at h. Now, owing to the difference of telescopes and of°eyes.
It IS not possible to assign the precise moment of incipient
obscuration, or of total extinction at a, nor that of the first
glimpse of light falling on the satellite at h, or the complete
recovery of its light. The observation of an eclipse, then,
in which only the immersion, or only the emersion, is seen,
IS mcomplete, and inadequate to afford any precise informa-
tion, theoretical or practical. But, if both the immersion
and emersion can be observed with the same telescope and by
the same person, the interval of the times will give the duration
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and their mean the exact middle of the eclipse, when the

satellite is in the line S J X, i. e. the true moment of its

opposition to the sun. Such observations, and such only, are

of use for determining the periods and other particulars of

the motions of the satellites, and for affording data of any

material use for the calculation of terrestial longitudes.

The intervals of the eclipses, it will be observed, give the

synodic periods of the satellites' revolutions ; from which their

sidereal periods must be concluded by the method m art. 418.

(539.) It is evident, from a mere inspection of our figure,

that the eclipses take place to the west of the planet, when

the earth is situated to the west of the line S J, e. before •

the opposition of Jupiter ; and to the east, when in the other

half of its orbit, or after the opposition. When the earth

approaches the opposition, the visual line becomes more and

Biore nearly coincident with the direction of the shadow, and

the apparent place where the eclipses happen will be con-

tinually nearer and nearer to the body of the planet. When

the earth comes to F, a point determined by drawing b h to

touch the body of the planet, the emersions will cease to_ be

visible, and will thenceforth, up to the time of the opposition,

happen behind the disc of the planet. Similarly, from the

opposition till the time when the earth arrives at I, a point

determined by drawing a I tangent to the eastern hmb

of Jupiter, the emersions will be concealed from our view.

When the earth arrives at G (or H) the immersion (or emer-

sion) will happen at the very edge of the visible disc, and

when between G and H (a very small space), the satelhtes

will pass uneclipsed behind the limb of the planet.

(540 ) Both the satellites and their shadows are frequently

observed to trmisit or pass across the disc of the planet.

When a satellite comes to m, its shadow will be thrown on

Jupiter, and will appear to move across it as a black spot til

the satellite comes to n. But the satellite itse f will not

appear to enter on the disc till it comes up to the l^ne dnuvn

from E to the eastern edge of the disc, and will not leave

till it attains a similar line drawn to the western edge

appears then that the shadow will precede the satellite ui
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progress over the disc hefore the opposition of Jupiter, and
vice versa. In these transits of the satellites, which, with
very powerful telescopes, may be observed with great
precision, it frequently happens that the satellite itself is

discernible on the disc as a bright spot if projected on a dark
belt

;
but occasionally also as a dark spot of smaller dimensions

than the shadow. This curious fact (observed by Sclu'oeter
and Harding) has led to a conclusion that certain of the
satellites have occasionally on their oion bodies, or in their
atmospheres, obscure spots of great extent. We say of great
extent; for the satelHtes of Jupiter, small as they appear to
us, are really bodies of considerable size, as the foUowino-
comparative table will show : * °

Mean apparent
diameter as seen
from the eartli.

Mean apparent
diameter as seen from

Jupiter's center.

Diameter in
miles. Mass.t

Jupiter

1st satellite

2d
3d
4th

39"-91

1-105
0-911
1-488
1 -273

33' 1 1"

17 35
18 0
8 46

91128
2508
2068
3377
2890

] -0000000

0 0000173
0-0000232
0-0000885
0-0000427

..^au^ .uiiuwb, xnac tne first satellite appears, when
on Jupiter s horizon, as large as our moon to us ; the second
and third nearly equal to each other, and of somewhat more
than half the apparent diameter of the first, and the fourth
about one quarter of that diameter. So seen, they wHl
frequently, of course, eclipse one another, and cause eclipses
of the sun (the latter visible, however, only over a very small

:

portion of the planet), and their motions and aspects with
:
respect to each other must offer a perpetual variety and

'
singular and pleasing interest to the inhabitants of their

]
primary.

(541.) Besides the eclipses and the transits of the satellites
s across the disc, they may also disappear to us when not
t eclipsed, by passing behind the body of the planet. Thus

<reew """f^"
^' •^r^rn.rsion of the satellite willbJ

^
seen at a, and its emersion at b, both to the west of the
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planet, after which the satellite, still continuing its course in

the direction &. will pass behind the body, and again emerge

on the opposite side, after an interval of occultation greater

or less according to the distance of the satellite. This interval

(on account of the great distance of the earth compared with

the radii of the orbits of the satellites) vanes but little m

the case of each satellite, being nearly equal to the tune

which the satellite requires to describe an arc ot its orbit,

equal to the angular diameter of Jupiter as seen from its

center, which time, for the several satellites is as follows

:

viz for the first, 2^^ 20-; for the second, 2^ 56™; for the

third S'^ 43- ; and for the fourth, 4^ 56™; the correspondmg

diameters of the planets as seen from these respective satellites

beino- 19° 49'; 12° 25' ;
7° 47' ; and 4° 25' * Before the op-

position of Jupiter, these occultations of the satellites happen

after the eclipses : after the opposition (when, for instance,

the earth is in the situation K), the occultations take place

before the eclipses. It is to be observed, that, owmg to the

proximity of the orbits of the first and second satelhtes to

the planet, both the immersion and emersion of eidier ot

them can never be observed in any single echpse, the im-

mersion being concealed by the body,if the planet be past its

opposition, the emersion if not yet arrived at it. So also ot

the occultation. The commencement of the occu tation or

the passage of the satellite behind the disc, takes place while

obscured by the shadow, before opposition, and its re-emer-

gence after. All these particulars will be easily apparent on

Siere inspection of the figure (art. 536.). Itxs «nly during

the short time that the earth is in the arc G H {^.e. between

the sun and Jupiter, that the cone of the shadow converging

(while that of the visual rays diverges) belund the plane ,

permits their occultations to be completely observed both

at ingress and egress, unobscured, the eclipses being then

'''7542
) An extremely singular relation subsists between the

mean angular velocities or mean motions (as they are tennedj

* Tbeselata are taken approximately from Mr. Woolhouse's paper in the

Bupplement to the Nuuticul Aluna.u.ck for 1835.
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of the three first satellites of Jupiter. If the mean angular
velocity of the first satellite be added to twice that of the
thu-d, the sum will equal three times that of the second
From this relation it follows, that if from the mean longitude
of the first, added to twice that of the third, be subducted
three times that of the second, the remainder will always be
the same, or constant, and observation informs us that this
constant is 180°, or two right angles; so that the situations
ot any two of them being given, that of the third may be
iound. It has been attempted to account for this remarkable
tact on the theory of gravity by their mutual action; and
l^aplace has demonstrated, that if this relation were at any
oue epoch approximately true, the mutual attractions of the
satellites would, in process of time, render it exactly so.Une curious consequence is, that these three satellites cannot
be all eclipsed at once; for, in consequence of the last-men-
tioned relation, when the second and third lie in the same
direction from the center, the first must lie on the opposite;
and therefore, when at such a conjuncture the first is eclipsed,
the other two must lie between the sun and planet, throwing,
their shadows on the disc, and vice versa.

(543.) Although, however, for the above mentioned reason,
the satellites cannot be all eclipsed at once, yet it may happenand occasionally does so, that all are either eclipsed, occulted
or projected on the body, in which case they are, generally
speaking, equaUy invisible, since it requires an exceUent tele-
scope to discern a satellite on the body, except in peculiar
circumstances. Instances of the actual observation of Jupiter
thus denuded of its usual attendance and oflfering the appear-
ance of a solitary disc, though rare, have been more than

TTZ .

"'^"^^"^ ^^^^^^ noticedwas by Molyneux, on J^fovember 2d (old style), 1681 * A

i

by Sir W. Herschel as made

Ob,. r.^-TJ
The phenomenon has also been

; tt W't-^^' '''''' '''' (- -bich cas^
t t^e deprivation continued two whole hours)

; and lastly by
•
Mr. H. Gnesbach, on September 27th, 1843.

* Molyneux, Optics, p. 271.
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(544.) The discovery of Jupiter's satellites, one of the

first fruits of the invention of the telescope, and of Galileo's

early and happy idea of directing its new-found powers to

the examination of the heavens, forms one of the most

memorable epochs in the history of astronomy. The hrst

astronomical solution of the great problem of " the longitude
-

—practically the most important for the interests of mankmd

which has ever been brought under the dominion of strict

scientific principles, dates immediately from their discovery.

The final and conclusive establishment of the Copernican

system of astronomy may also be considered as referable to

the discovery and study of this exquisite miniature system,

in which the laws of the planetary motions, asascertamed by

Kepler, and especially that which connects their periods and

distances, were speedily traced, and found to be satisfactorily

maintained. And (as if to accumulate historical mterest on

this point) it is to the observation of their eclipses that we

owe the grand discovery of the successive propagation o

licht, and the determination of the enormous velocity of that

wonderful element. This we must explain now at large

(545 ^ The earth's orbit being concentric with that ot

Jupiter and interior to it (see A- art. 536.), their mutual

distance is continually varying, the variation extending from

the sum to the difference of the radii of the two orbits; and

the difference of the greater and least distances bemg equal

to a diameter of the earth's orbit. Now, it was observed by

Koemer (a Danish astronomer, in 1675), on comparing to-

"observations of eclipses of the -tellites d..mg

many successive years, that the eclipses at and about the

opposition of Jupiter (or its nearest point to the earth) took

pSce too soon-.oonev, that is, than, by calcu ation from an

average, he expected them ;
whereas those which happened

when the earth was in the part of its orbit most remote from

Jupiter were always too late. Connecting the observed error

computed'times with the variation of distance a

concluded, t^it, to make the cdculation on - aver^^o
fd

correspond with fact, an allowance in respect of ime be

to be made proportional to the excess or defect of Jupitei
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'IJstance from the earth above or below its average amountand such that a difference of distance of one diameter of the
earths orbit should correspond to 1 6°^ 26^-6 of time allowed
bpeculatmg on the probable physical cause, he was naturally
led to thmk of a gradual instead of an instantaneous pro-
pagation of light. This explained every particular of the
observed phenomenon, but the velocity required (192,000
miles per second) was so great as to startle many, and, at all
events, to require confirmation. This has been afforded since,
and of the most unequivocal kind, by Bradley's discovery of
the aberration of light (art. 329.). The velocity of lUt
deduced from this last phenomenon differs by less than one
eio it,eth of Its amount from that calculated from the eclipses,and even th,s difference will no doubt be destroyed by nicerand more rigorously reduced observations. The velocity hasalso been determ ned by M Fi^enn fh^r •

wifh n v.fl
^ -Pizeau (by direct experimentswith a reflecting apparatus on a most ingenious principle

suggested by Sia- C. Wheatstone for measuring the veTo tyof the electric current) at 70,000 geographical leagues 5to the degree = 194,600 statute miles per second.
^ '

(546.) The orbits of Jupiter's satellites are but little ex

.^ja.o.Liof

; ther! By ''f"^^^
^^^^^^^^^^^^ I^^P^- and

ttt h.
^ observation it has been ascertainedthat they are subject to marked fluctuations in respect of'tbrightness, and that these fluctuations happen per olic.Uy

-ccord,ng to their position with respect to' the Ln S
tu n on'n '"t^"^'

'^^''^''''^y "^^^—
'
that theyturn on their axes, like our moon, in periods equal to their

r if
"''^ resolutions about their primary.

Uud'ed h.n fh "''fr ^^^^ ^^^^ less

lerve 1- ^^^^ difficult to ob-

the orbits of a 1 tl. ^ . f ^ ^^^^^l^orbits of all the rest nearly coincide. Nor is this the only
Lalande, Astron., Art. 3075
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circumstance which separates it hy a marked difference of

character from the system of the seven mlenor ones, and

renders it in some sort an anomalous memher of the Saturman

system. Its distance from the planet's center .s no less than

64 times the radius of the globe of Saturn a distanoe from

the primary to which our own moon (at 60 radu) offers the

onl/parallel. Its variation of light also in different parts o

its orbit is very much greater than in the case of any othe,

secondary planet. Dominic Cassm, rndeed ("^ « <>

coverer, A.D. 1670 found it to disappear for nearly half its

rev lution when to' the ea.t of Saturn, and though the more

powerful telescopes now in use enable us to fo low .t round

thT vhole of its circuit, it. diminution of light rs so great .n

Z astern half of its orbit as to render it somewha d.fficu

to nercelve. From this circumstance (viz. from the defalca3 gWt occurring constantly on the same side of Saturn

Tsl /-»». tl,e eartk, the visual ray from whrch .s never

Tery oblique to the direction in which the sun s bght fa s n

it.) \t is presumed, with much certamty, that th,s satelUe

evolves on it. axis in the exact time of rotafon about tl«

primary ; as we know to be the case with the moon, a^d a.

SeTe is considerable ground for beUeving to be so with all

) The next sateUite in order, proceeding inwards, (as

it used to be considered until the recent discovery o an m-

enquired intof further than to ^""'y.^'^"^j':^
^, ^^"12

periodic times, which holds good, ..mteto >«utandis, and under

th requisite eservations, in this, as in the system of Jup.te.

The hree next satellites, still proceeding mwardst, ar very

,! ,nd reauire pretty powerful telescopes to see them,

tCtwo in^riol satluLs, which just skirt the edge of

t dLovt.!! by Doaiioio Cu.m. m IS"
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the ring* can only be seen with telescopes of extraordinary
power and perfection, and under the most favourable atmo
spheric cu-cumstances. At the epoch of their discovery they
were seen to thread, Hke beads, the almost infinitely thin
fibre of hght to which the ring, then seen edgeways, was
reduced, and for a short time to advance off it at either end
speedily to return, and hastening to their habitual conceal-
inent behmd or on the body. An eighth very faint satellite
has been recently detected (between the two outermost of^e old satelbtes) simultaneously (within the same hour) byMr. Dawes, Mr. Lassell, and Professor Bond f, the twoformer observing together in Mr. Lassell's observatory at
Starfield, the latter in that of Cambridge, US

(049.) Owing to the obliquity of the ring and of the orbitsof he satelbtes to Saturn's ecliptic, thereL no eclipses, o •

cu tations or transits of these bodies or their shadows acrossthe disc of their primary (the interior ones excepted), untilnear the ti;ne when the ring is seen edgewise, and when th y
^

do take place their observation is attended with too much.difficulty to be of any practical use, like the eclLrof.Jupiter s satellites for the determination of longituderfor

aalready to prevail, before the discovery of tht .
^^""^^'^"^We confusion used

-the Saturnian system, owing to the order of^l.
'' '° '''^ nomenclature of

oof distances. Astronomers%ere no aLed '

h^^^^^^ 'T'^^'^^S -ith that
satellites the 6th and 7th (reckoninn- nS? A ^u' ^

"^^^ ""^ interior
^4th, and 5th, reckoning outward of t^ I^^ '

"''u°'''"
'''^ 1^*, 2d, Sd,

ooutwards, from I to 7^ Th^toZst^ZZT^^^^^^
'^vould have rendered intolerahirhrc K

'
, •

'"t'oduction of an eighth
^Hature, suggested in a frme/etoiin of fhT

"'^^''^^ a mythological nomen-
aaccepted,irconsonance wTh"ha7rt^L/th "i : T'^

"'"'^'^ ^^'^ 8™"^%
rk'lanets. Taking the names of thl

' "TP^Kl-V estnbl ished for the primary
"Zoning false quantitre^^Xr^fn^easraTfictrmr;^ (P-'

lapetus cunctos supra rotat, huncce sequuntur

..amcs,viz:— lo, Euronrr n ^
''''' P-'oPOsed for them mythoioffical

-uld savour of ^p'^'^.^t ^J^^ .
^allisto. The revival of tLse n^a".":

r .r.onty were conceded (whTch it is n ^ "^'^
V,"'!'

^"^^"'"'e
la'm to the use of the fTi '

"^""^'^ still leave Galileo's cener il

•
3ut in the case of JuplLr' satdlft'erih

"""-^ °' ^''-""""-I 'liscovery^hltlc
vre constantly referred to bv thi

'
, •"

confusion to rectify."^ Theyby theu numerical designations in every alm/nuck.
^
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.vhich reason they have been hitherto little attended to by

-avhable relation subsists between the periodic

ti.nes of the two interior satellites of Saturn and those of h

two next in order of distance; viz. that the period of
1^

third (Tethys) is double that of the first (Mimas), and that

f hiWh Dione) double that of the second (Encel^^^^^^^

The coincidence is exact in either case to about one 800th

nart of the larger period.
^

55 ) The satellites of Uranus require very powerful and

perfect telescopes for their observation. Four are certain y

Tno vn to exist! to which (proceeding from withou ,
inwards

in succession) the names Oberon, Titania, Umbriel, and

Arim^ies, sylphs, and of Sha.^^^^^^^^^

Pone have been assigned respectively. 01 these UBe.on

iTTitanla are tolerably conspicuous In a reflecting telescope

TlS or 20 inches in aperture. Xhey were a-^co'™"!

Sir W Herschel iu 1787, and have since been reobserved

bv the author of this work, and subsequently by Messrs Las-

se l 0 ; Strnve, and Lament. Umbriel (a ™uch unt«

"^hedtyal^^stt™t
::~ont'^eruo\%ulHcientlyu

rediscovered, however, uy x
t n«pll to whom

:r:ro:iiir=-:^^'S^^
series of observations and micrometrical measures of a fou ,

ZTnedathisobsei^o.^^^

''7: "irror s ollitl observation. Tlrree other

: mtes
'

ttLmediat. between Obet-on imd T.tan.a

rr;:"nrLrt vntri "xhf; oa:

a d tfanS of the four known satellites will be found »

the synoptic table at the end of the volume.

.O..ob»8..84r. t S-Pl™!.., M. I8«.
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(552.) The orbits of these satellites offer remarliable, and,

indeed, quite unexpected and unexampled peculiarities. Con-
trary to the unbroken Analogy of the whole planetary system

— whether of primaries or secondaries— the planes of their

orbits are nearly perpendicular to the ecliptic, being inclined

no less than 78° 58' to that plane, and in these orbits their

motions are retrograde ; that is to say, their positions, when
projected on the ecliptic, instead of advancing jrom west to

east round the centre of their primary, as is the case with

every other planet and satellite, move in the opposite dii'ec-

tion. Their orbits are nearly or quite circular, and they

do not appear to have any sensible, or, at least, any rapid

motion of nodes, or to have undergone any material change of

inclination, in the course, at least, of half a revolution of

their pi-imary round the sun. When the earth is in the

plane of their orbits, or nearly so, their apparent paths are

straight lines or very elongated ellipses, in which case they

become Invisible, their feeble light being effaced by the

superior light of the planet, long before they come up to its

disc, so that the observations of any eclipses or occultations

they may undergo is quite out of the question with our
present telescopes.

(553.) If the observation of the satellites of Uranus be
difficult, those of Neptune, owing to the immense distance of

that planet, may be readily imagined to offer still greater

difficulties. Of the existence of two, discovered by Mr. Las-
sell *, there can remain no doubt, having also been observed
by other astronomers, both in Europe and America. Accord-
ing to M. Otto Struve f the orbit of the first is inclined to the
ecliptic at the considerable angle of 35°; but whether, as in

the case of the satellites of Uranus, the direction of its

motion be retrograde it is not possible to say until it shall

have been longer observed.

* On July 7th, 1847 (suspected in 1846), and August 14th, 1850.
T Astron. Nachr. No. 629. from his own observation, September 1 1th to

December 20th, 1847.

B B
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UHAPTEK XI.

OF COMETS.

^-^EcZeB PK0B^B.T much OKEATEK._aEKEKAI. DESCB^-

Z^T. COKET.- COMETS WXXHO.X OK WH MOKK

™ ONE -THEIK EXTREME TENUITY. - THEIR PROBABLE

:TR^CTrE.-MOTIONS C0NEOR.IABX.E TO THE ..W OF ORAYXTV

ITctI
"

DIMENSIONS O. COMETS. - PERIODICA. RETURN OF

s'^VErT-HALEEY'SCOMET.-OTHER ANCIENT COMETS PROBABLY

r^Oot_ENCKE'SCOMET._BIELA's.-FAXEW™^
^C0'S.-BR0KSEN'S.-PETERS'S.-GREAT COMET OF 1843. -ITS

"Labee Identity with several ol.er ----" ^^^^

™est at pbesent attached to

ITS REASONS-KEMARKS ON COMETARY ORBITS IK

-GREAT COMETS, OF 1858, 1861 AND 1&62.

(554 ) The extraordinary aspect of comets, their rapid and

eeitn.ly irregvilar motions, the unexpected manner m wh^ch
seenun-,iy ix «

^mnosuio- magnitudes winch

they often burst upon us, and the °

causes. Even now, that we m
^^^^ ^^^^

movements as irregular or a» S"™™" '^ ^ ^, -^^^^^
those winch retain the p anets m

„f „„
nature, the offices pe*.- .n he^cono^^^^^

system, are as much
-^""^^^Xed of those immensely

satisfactory account has ?
"^^^^^^^^^^^ them, and

voluminous appendages which they

'^^J^
.

1 •
I. known by the name ot tlieu tans, i^uiou i

^hich
precede them in their mot,ons,) ai>y

perly, smce *ey ^^"^ P
,i„gdarit;es which they present.

T«tTm numb- f comets which ha.e been astro

.oLtc^li ohLCd, or of wmcb notices have been recorded
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in liistorjj is very great, amounting to several iiunclreds*

;

and when we consider that in the earher ages of astranomy,

and indeed in more recent times, before the invention of the

telescope, only large and conspicuous ones were noticed ; and
that, since due attention has been paid to the subject,

scarcely a year has passed without the observation of one or

two of these bodies, and that sometimes two and even thi-ee

have appeai-ed at once ; it wiU be easily supposed that their

actual number must be at least many thousands. Multitudes,

indeed, must escape aU observation, by reason of their paths

traversing only that part of the heavens which is above the

horizon in the daytime. Comets so circumstanced can only

become visible by the rare coincidence of a total ecHpse of the

sun,— a coincidence which happened, as related by Seneca,

sixty-two years before Christ, when a large comet was ac-

tually observed very near the sun. Several, however, stand

on record as having been bright enough to be seen with the

naked eye in the daytime, even at noon and in bright sun-
shine. Such were the comets of 1402, 1532, and 1843, and
that of 43 B. c. which appeared dming the games celebrated

by Augustus in honour of Venus shortly after the death of
Caesar, and which the flattery of poets declared to be the
poul of that hero taking its place among the divinities.

(556.) That feelings of awe and astonishment should be
excited by the sudden and unexpected appearance of a great
somet, is no way surprising

; being, in fact, according to the-

accounts we have of such events, one of the most imposing
of all natural phfienomena. Comets consist for the most part
of a large and more or less splendid, but ill defined nebulous
mass of Hght, called the head, which is usually much brighter
towards its center, and ofl^ers the appearance of a vivid nucleus,

' See catalogues in the Almagest of Riccioli ; Pingre's Cometographie

,

Dclambre's Astron. vol. iii. ; Astronomische Abhandlungen, No. 1. (which
contains the elements oF all the orbits of comets which iiave been computed to
the time of Us publication, 1823); also a catalogue, by the Rev. T. J. Hussey.
l,ond. & Ed. Phil. Mag. vol. ii. No. 9. et seq. In a list cited by Lalande from
the 1st vol. of the Tables de Berlin, 700 comets are enumerated. See also
notices ot the Astraiiamical Society and Astron. Nachr. passim. A great many
ot the more ancient comets are recorded in the Chinese Annals, and in some
cases with suftcient precision to allow of the calculation of rudely approxiiimte
orbils from their motions so described.

D u 2
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Hke a Btar or planet. From tho head, and in a direotlon

ill to »/.ic/. M. sun is situated from tlie eomet

Xpea to diverge two streams of Hght, which grow broader

Sd more diffufed at a distance from the head and whrch

most eommonly close in and unite .^t a ^le d^anee he- ,

hind it but somethnes continne distmct for a great part ol

corpse, prodneing an ^ C
by some bright meteors, or like the divergmg fire of a sky

rLket (only withont sparks or pereepfble motion). Ths s

Te tlil This magnificent appendage attams occasional 7

t: immense app=.e°nt length Aristotle elates the t^

of the comet of 371 B. 0., that it occupied a third ot tbe

hei^iCe, or 60° ; that of V. 1618 is stated to h^e b^ n

attended by a train no less than 104° m length. Th

of 1680, the most -lebrated of modern ^ime, and

on many accounts the most remarkable of all, with a

heaTnTcxceedmg in brightness a star o the ^^^^^f
nlde, covered with its tail an extent of more than 0 o

.1 X, nv IS some accounts state, 90 ,
tnax oi

~1?69^^^^^^^^^ 9r, and t.at of t.e l.st ,re. comet

fmS) -.s estimated at about 65° when l-g-*;

i r l. 9 Plate 11.^ is a representation of the comet ot

of the Lt considerahle, but .hich

r.. however very conspicuous to the naked eye.

l^.'^O tS tJ is. hLe^, by .0—

—

comets have been entirely without «iem^
de-hes

dlvergmg hgl.t. That of 744
^ ^^^^^^

out like an m.mense fan,

^^^J^ J^,^^„^,
co.c

* This description, however applies o t d sc

^^^^^^ ^^^^ ^.^

as seen in a telescope. Cass.n s
'^-PJ^^^" rved that the latter epithet must by

after its perihelion passage in 1835-b.
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30° in lencTth. The small comet of 1823 had two, makino-

an angle of about 160°, the brighter turned as usual from

the sun, the fainter towards it, or nearly so. The tails of

comets, too, are often somewhat curved, bending, in general,

towards the region which the comet has left, as if movintT

somewhat more slowly, or as if resisted in their course.

(558.) The smaller comets, such as are visible only in

telescopes, or with difficulty by the naked eye, and which

are by far the most numerous, offer very frequently no

appearance of a tail, and appear only as round or somewhat

oval vaporous masses, more dense towards the center,

where, however, they appear to have no distinct nucleus, or

anything which seems entitled to be considered as a solid

body. This was shown in a very remarkable manner in the

case of the comet discovered by Miss Mitchell in 1847, which

on the 5th of October in that year passed centrally over a star

of the fifth magnitude : so centrally that with a magnifying

power of 100° it was impossible to determine in which direc-

tion the extent of the nebulosity was greatest* The star's

light seemed in no degree enfeebled
; yet such a star would

be completely obliterated by a moderate fog, extending only

a few yards from the surface of the earth. And since it is

an observed fact, that even those larger comets which have

presented the appearance of a nucleus have yet exhibited

no phases, though we cannot doubt that they shine by the

reflected solar light, it follows that even these can only be

regarded as great masses of thin vapour, susceptible of being

penetrated through their whole substance by the sunbeams,

and reflecting them alike from their interior parts and from

their surfaces. Nor will any one regard this explanation as

forced, or feel disposed to resort to a phosphorescent quality

m the comet itself, to account for the phfenomena in question,

when we consider (what will be hereafter shown) tlie enor-

mous magnitude of the space tlius illuminated, and the ex-

tremely small mass which there is ground to attribute to

these bodies. It will then be evident that the most un-
substantial clouds which float in the highest regions of our
atmosphere, and seem at sunset to be drenched in light, and
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to "low throughout their whole depth as if in aetual Ignition,

vlthout any shadow or dark side, must be looked upon a,

dense and massive hodies oompared w,th the filmy and all

but spiritual texture of a eomet. Acoordu,gly whenever

powerful teleseopes have been turned on these bod.es they

have not failed dispel the illusion whieh attributes

to Ihat more condensed part of the head, wh.eh appears to the

:*d eye as a nuelens ;
though it is trne that^^^^^

minute stellar point la. been seen, indrcatmg the existence

nf =;nmethlno- more substantial.

rSM ) It is in all probability to the feeble eoercon of the

elastic power of their gaseous parts, by tj- r-tat.on of^o

small a central mass, that we must attribute th>» ext a

ordinary developement of the atmospheres of come s. If t^e

earth retaining its present size, were reduced, by any

n 1 clange'as by hollowing out its central parts) to one

horandth part of its actual mass, its coercive power over

h rosphL would be a"»™";"*-;-nf;ota:d
and in consequence the latter would expand to a thousand

les its actual bulk; and indeed much more, o-ng to th

still farther diminution of gravity, by the recess of the upper

pa s from the center.' An atmosphere, however, fre to

e'wnd equally in all directions, would envelope the nucleu.

XricaHy, so that it becomes necessary to admit the act, n

causes to account for its enormous ^tension in

direction of the tail,- a subject to winch we shall pie^entl,

'tBaTxI-irrminous part of a eomet is som-ething hi

the^^natLofasmoke,fog..c,^^^

parent atmosphere, is ev«lent iion^^
^^.^ ^^^^^^^

often noticed "
,,„d. is yet separated

comes closest to, ana suriuuu
»„,l kcnt

from it by an interval less luminous, as if sustained and kept

Iff from contact by a transparent stratum as i« often ce one

Cer of clouds over another with a considerable clca. pace

! K..ion (p;-- i;'si:rrrirf.ru,e

ounces of matter.
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between. These, and most of the other facts observed in

the history of comets, appear to indicate that the structure

of a comet, as seen in section in the direction of its leneth,

must be that of a hollow envelope, of a parabolic form,

enclosino; near its vertex the nucleus and head, something as

represented in the annexed figure. This would account for

the apparent division of the tail into two principal lateral

branches, the envelope being oblique to the line of sight at

its borders, and therefore a greater depth of illuminated

matter bemg there exposed to the eye. In all probability,

however, they admit great varieties of structure, and among
them may very possibly be bodies of widely different physical

constitution, and there is no doubt that one and the same
comet at different epochs undergoes great changes, both in
the disposition of its materials and in their physical state.

(561.) We come now to speak of the motions of comets.
These are apparently most irregular and capricious. Some-
times they remain in sight only for a few days, at others for
many months; some move with extreme slowness, others
with extraordinary velocity; while not unfrequentlv, the
two extremes of apparent speed are exhibited by the same
comet in different parts of its course. The comet of 1472
described an arc of the heavens of 40° of a great circle* in
a single day. Some pursue a direct, some a retrograde, and
others a tortuous and very irregular course; nor do they
confine themselves, like the planets, within any certain region
of the heavens, but traverse indifferently every part. Their
variations ia apparent size, during the time they continue
visible, are no less remarkable than those of their velocity ;

sometimes they make their first appearance as faint and slow
moving objects, with little or no tail ; but by degrees ac-

* '20° 'n ext^"* in the former editions. But this was the arc described inlongitude, and the comet at the time referred to had great north latitude.
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celerate, enlarge, and throw out from them this appendage,

which increases in length and brightness tdl (as always

happens in such cases) they approach the sun, and are lost

in his beams. After a time they again emerge, on the

other side, receding from the sun with a velocity at trst

rapid, but gradually decaying. It is for the most part after

thus passing the sun, that they shine forth in dl their

splendour, and that their tails acquire then- greatest length

and developement; thus indicatmg plainly the action of the

sun's rays as the exciting cause of that extraordinary emana.

tion As they continue to recede from the sun, their motion

diminishes and the tail dies away, or is absorbed mto the

head, which itself grows continually feebler, and is at length

altogether lost sight of, in by far the greater number of cases

never to be seen more. .

(562 ) Without the clue furnished by the theory of gravi-

tation, ihe enigma of these seemmgly irregular- and capricious

movements might have remamed for ever umesolved. But

Tewton, having demonstrated the possibihty of any come

section whatever being described about the
^J^^^J

revolving under the dominion of that law, nmnediately per-

ceived the applicability of the general proposition to the case

of lometary orbits; and the great comet of 1680, one o the

lost remarkable on record, both for the immense length o

its tail and for the excessive closeness of its approach to the

si (within one sixth of the diameter of that luminaa-y)

afforded him an excellent opportunity for the trial of hi

theory. The success of the attempt was complete. He

LeXined that this comet described about the sim a. i^

focus an elHptic orbit of so great an excentncity as to be

unLr;4hable from a parabola, (which is the extreme or

limitino- form of the ellipse when the axis becomes mfimte,)

and that in tliis orbit the areas described about the sun were

as in the planetary elHpses, proportional to the times^ The

representation of the appaxent motions of this comet by such

an orbit, tlKOUghout its

to be as satisfactory as those of the motions of the p ane^^

in their nearly circular paths. From that tmie it became

TrlceLd truth, that the motions of comets are regulated
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by the same general laws as those of the planets—the

difference of the cases consisting only in the extravagant

elongation of their ellipses, and in the absence of any limit

to the inclinations of their planes to that of the ecliptic— or

any general coincidence in the direction of their motions

from west to east, rather than from east to west, like what is

observed among the planets.

(563.) It is a problem of pure geometry, from the general

laws of elliptic or parabolic motion, to find the situation and

dimensions of the ellipse or parabola which shall represent

the motion of any given comet. In general, three complete

observations of its right ascension and declination, with the

times at which they were made, sufiice for the solution of

this problem, (which is, however, by no means an easy one,)

and for the determination of the elements of the orbit.

These consist, mutatis mutandis, of the same data as are re-

quired for the computation of the motion of a planet
; (that

is to say, the longitude of the perihelion, that of the ascend-

ing node, the inclination to the ecliptic, the semiaxis, excen-

tricity, and time of perihelion passage, as also Avhether the

motion is direct or retrograde;) and, once determined, it

becomes very easy to compare them with the whole observed
course of the comet, by a process exactly similar to that of
art. 502., and thus at once to ascertain their correctness,

and to put to the severest trial the truth of those general
laws on which all such calculations are founded.

(564.) For the most part, it is found that the motions of
comets may be sufficiently well represented by parabolic

orbits,—that is to say, ellipses whose axes are of infinite

length, or, at least, so very long that no appretiable error
in the calculation of their motions, dm-ing all the time they
continue visible, would be incurred by supposing them actually
infinite. The parabola is that conic section which is the
limit^ between the ellipse on the one hand, which returns
into itself, and the hyperbola on the other, which runs out
to infinity. A comet, therefore, which should describe an
elliptic path, however long its axis, must have visited the
Bun before, and must again return (unless disturbed) in some
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determinate periocl,-but should its orbit be of the hyperbolic

character, when once it had passed its perihelion, it could

never more return within the sphere of our observation, but

xnust run off to visit other systems, or be lost m the immen^ty

of space. There is no instance of a comet whose orbit has

been very carefully calculated by more than one computis

beinc. Joved to have described a hyperbola, though severa

have°been suspected of doing sc.* Many have been well

nscertained to move in ellipses. These latter, m so far a.

their orbits can remain unaltered by the attractions of the

planets, must be regarded as permanent members of oni

''

TsS.) We must now say a few words on the actual di-

mensions of comets. The calculation of the diameters of

7^ heads, and the lengths and breadtl. off^^^
not the slightest difficulty when once the e emen s of th^ui

: Hts are fnown, for by these we know tl-
-1^^^^^^^^^^^

from the earth at any thue, and the true du-ection of the taiJ,

"eseeonlyfo/eshortened. ^^owcalcul—
^-^^^^

on these principles lead to the surprising fact, ^^^aU^e comet

are by far the most voluminous bodies m our system ihe

foRowing are the dmaensions of some of those which have

been made the subjects of such enquiry.
•

.^iately
r566 ^ The tail of the great comet of 1680, unmediateiy

W""v ^^-.-.Tirl V.V Newton, to have
after ite perihelion passage, wa^ found by JNewTOn

,een noL than^O^rS^^e W^^^^^^^

origin of which, to iudge fr» the~ f

comet 01
36000000. The portion of the head of

Iri idX the transparent atmospheric en-

"MlTe^rated it from the tail, wa. 180000 leagues

Burckliardt and Jl-ncKt

,

Schwabe.
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in diameter. It is hardly conceivable, that matter once pro-

jected to such enormous distances should ever be collected

again by the feeble attraction of such a body as a comet— ix

consideration which accounts for tlie surmised progressive

diminution of tbe tails of sucb as have been frequently

observed.

(567.) The most remarkable of those comets which have

been ascertained to move in elliptic orbits is that of Halley,

so called from tbe celebrated Edmund Halley, who, on cal-

culating its elements from its perihelion passage in 1682,

when it appeared in great splendour, with a tail 30° in

length, was led to conclude its identity with the great

comets of 1531 and 1607, whose elements he had also

ascertained. The intervals of these successive apparitions

being 75 and 76 years, Halley was encouraged to predict

its reappearance about the year 1759. So remarkable a

prediction could not fail to attract the attention of all as-

tronomers, and, as the time approached, it became extremely

interesting to know whether the attractions of the larger pla-

nets might not materially interfere with its orbitual motion.

The computation of their influence from the Newtonian law
of gravity, a most difficult and intricate piece of calculation,

was undertaken and accomplished by Clairaut, who foimd

that the action of Saturn would retard its return by 100
days, and that of Jupiter by no less than 518, making in all

618 days, by which the expected return would happen later

than on the supposition of its retaining an unaltered period,—
and that, in short, the time of the expected periliehon passage

would take place within a month, one way or other, of the

middle of April, 1759.— It actually happened on the 12th

of March in that year. Its next return Avas calculated by
several eminent geometers*, and fixed successively for the

4th, the 7th, the 11th, and the 26th of November, 1835;
the two latter determinations appearing entitled to the
higher degree of confidence, owing partly to the more com-
plete discussion bestowed on the observations of 1682 and

* Damoiseau, Poiitecoulant, Rosenbcrger, and Lehinaiiu.
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1759, and partly to the continually improving state of our

knowledge of the methods of estimating the disturbmg effect

of the several planets. The last of these predictions, that of

M. Lehmann, was published on the 25th of July. On the

5th of August the comet first became visible m the clear

atmosphere of Rome as an exceedingly faint telescopic

nebula, within a degree of its place as predicted by M.

Eosenberger for that day. On or about the 20th of Au-

gust it became generally visible, and, pursuing very neai-ly

its calculated path among the stars, passed its periliehon on

the 16th of November; after which, its course caiTymg

it south, it ceased to be visible in Evxrope, though it continued

to be conspicuously so in the southern hemisphere throughout

February, March, and April, 1836, disappearmg finaUy on

the 5th of May.
. -, , . j x

(568.) Although the appearance of this celebrated comet

at its last apparition was not such as might be reasonably

considered likely to excite lively
f'^^'^Zl

superstitious ages, yet, having been an object of the most

^hhgent attention in all parts of the world to astronomers

furnished with telescopes very far surpassmg m power those

which had been applied to it at its former appearance m 17 5 9

and indeed to any of the greater comets on record, the

opportunity thus afforded of studying its physical structure,

and the extraordinary phenomena which it presented when

I exa^ed have rendered this a memorable epoch in cometic

Lory. Its first appearance, wHle yet very remote from the

Tun was that of a smaU round or somewhat oval nebula,

^le destitute of tail, and having a minute point of more

concentrated light excentrically situated withm it. It

was not before The 2d of October that the tail began to be

developed, and thenceforward increased pretty rapidly, being

abeady 4° or 5° long on the oth. It attamed its greatest

t^lJlengtl. (about 20°) on the 15th of October From

that t me though not yet arrived at its perihehon, itdecx^ased~
tpiSty, thit already on ..e 29th it was only 3

and on November the 5th 21° m length. There is every
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reason to believe that before the perihelion, the tail had
altogether disappeared, as, though it continued to be observed
at Pulkowa up to the very day of its perihelion passage, no
mention whatever is made of any tail being then seen.

(569.) By far the most striking phasnomena, however, ob-

served in this part of its career, were those which, commencing

simultaneously with the growth of the tail, connected them-

selves evidently with the production of that appendage and

its projection from the head. On the 2d of October (the

very day of the first observed commencement of the tail)

the nucleus, which had been faint and small, was observed

suddenly to have become much brighter, and to be in the act

of throwing out a jet or stream of light from its anterior part,

or that turned towards the sun. This ejection after ceasing

awhile was resumed, and with much greater apparent violence,

on the 8 th, and continued, with occasional intermittences, so

long as the tail itself continued visible. Both the form of
this luminous ejection, and the direction in which it issued

from the nucleus, meanwhile underwent singular and capri-

cious alterations, the different phases succeeding each other

with such rapidity that on no two successive nights were the
appearances alike. At one time the emitted jet was single,

and confined within narrow limits of divergence from the
nucleus. At others it presented a fan-shaped or swallow-
tailed form, analogous to that of a gas-flame issuing from a
flattened orifice : while at others again two, three, or even
more jets were darted forth in different directions.* (See
figiu-es a, h, c, d, plate I. fig 4., which represent, highly mag-
nified, the appearances of the nucleus with its jets of light,

on the 8th, 9th, 10th, and 12th of October, and in which the

direction of the anterior portion of the head, or that fronting
the sun, is supposed alike in all, viz. towards the upper part
of the engraving. In these representations the head itself
IS omitted, the scale of the figures not permitting its intro-
duction: e represents the nucleus and head as seen October

• See the exquisite lithographic representations of these phenomena by UesselAs ron. Nachr. No. 302., and the fine series by Schwabe in No. 2.97. of thain Jure copied
'"'^S"'"^^"* '^^^^^'"g^ Struve, from which o„r figures a.
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9th on a less scale.) The direction of the principal jet was

observed meanwhile to oscillate to and fro on either side oi

a line directed to the sun in the manner oi a ^omP^^^^-^^^^^^^

when thi-own into vibration and osciUatmg about a mean

position, the change of dkection being conspicuous even from

horn- to hour. These jets, though very bright at then: pomt

of emanation from the nucleus, faded rapidly away, and

became diffused as they expanded into the coma, th«

^^J^
time curving backwards as streams of steam or smoke won d

do if thrown out from narrow orifices, more or less obli<iuely

in opposition to a powerful wind, against wh.ch they were

unable to make way! and, ultimately yieldmg to its force, so

as to be drifted back and confounded m a vaporous tram,

following the general direction of the current.
*

570 ) Reflecting on these pha^nomena, and carefully con-

siderinAhe evidence afforded by the numerous and elabo-

rately executed dx-awings which have been placed on record

Cobs rverl it secns impo-ble to avoid the foliowmg con-

cilsions. 1st. That the matter of the -^^-^

powerfully excited and dilated mto a vaporous s ate by the

LtTon ofL sun's rays, escaping in streams and jets at tho e

pits of its surface wHch oppose the ^e-t. resistance and m

!ll m-obability throwing that surface or the nucleus xtself mto

tJ^t^Lns by tts reaction in the act of so escapmg,

onrl nlterlno" its direction.

Idt T tU. proems chiefly takes place in that portion

ot 2 nucleus wlih is turned towai-ds the sun; the vapour

escaping chiefly in that direcUon

Sdly.
Thatwhensoenutted,itiBpi.e\enu.ii i =

in the direction originally impressed upon rt, by some fo.ce

dlected from the sSn, dr-ifting it back and carrymg rt out to

"tices behind the nucleus, forming the tad or so much

If the tail as can he considered as cons,stmg of matenal

, . •
f -^.hw-ibe's and Bcssel's drawings are very express and un-

-

scrutiny of the nucleus.
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on the materials of the comet, the greater portion remainino-

unvaporized, and a considerable part of the vapour actually

produced, remaining in its neighbourhood, forming the head
and coma.

othlj. That the force thus acting on the materials of the
tail cannot possibly be identical with the ordinary gravitation

of matter, being centrifugal or repulsive, as respects the sun,

and of an energy very far exceeding the gravitating force

towards that luminary. This will be evident if we consider

the enormous velocity with which the matter of the tail is

carried backwards, in opposition both to the motion which it

had as part of the nucleus, and to that which it acquired in
the act of its emission, both which motions have to be
destroyed in the first instance, before any movement in the
contrary direction can be impressed.

6thly. That unless the matter of the tail thus repelled
from the sun be retained by a pecuHar and highly energetic
attraction to the nucleus, difiering from and exceptional to
the ordinary power of gravitation, it must leave the nucleus
altogether

; being in eifect carried far beyond the coercive
power of so feeble a gravitatmg force as would correspond to
the minute mass of the nucleus ; and it is therefore very
conceivable that a comet may lose, at every approach to the
sun, a portion of that peculiar matter, whatever it be, on which
the production of its tail depends, the remainder being of
course less excitable by the solar action, and more impassive
to his rays, and therefore, pro tanto, more nearly approxinaating
to the nature of the planetary bodies.

7thly. That considering the immense distances to which
at least some portion of the matter of the tail is carried from
the comet, and the way in which it is dispersed through the
system, it is quite inconceivable that the whole of that matter
should be reabsorbed— that therefore it must lose during its

perihelion passage some portion of its matter, and if, as would
seem far from improbable, that matter should be of a nature
to be repelled from, not attracted by, the sun, the remainder
will, by consequence, be,;?7-o quantitate inertiai, more energeti-
cally attracted to the sun than the mean of both. If then
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the orbit be elliptic, it will perform each^-" ^'^^^
I a shorter time than the precedmg un .1,

^^f^^f^^
whole of the repulsive matter is got nd of.- But to

to the comet of Halley.
j^g^.

f^^^^ After the perihehon passage, ttie comei.

j::eU:.a., -— ^^^^^^^

«,„e great physical change «h,ch " «,«r^^j
^

„ansfo™atio„ in ^^-pp^^-^^ -^^^ ; ^

any vestige of ta>
, W'^^^

^a^tude, and in powerful

star of about f"^';^'^^^^^^^^
Jefined disc, rather more

telescopes as a small,
J° nebulous chevelure or

than 2' in diameter, -"-f^^^^^/JjL, and somewhat

coma ofmuch grea er -'-^J^^^Jht nu leus appeared,

r='":S—l^ora^^^^^^^^^^^
edge of the disc

from which extenueu
luminous ray.

(
t -rtm^r'ecraed from the sun,

.Weh,on the otl^" hand—d co,^^^^

„„a that with
from mierometrical

ftl*;" taown distance of the comet from

measures, and iiom tne Know

the earth on those days) ^^^c^^^^^^^^^^

^^^'^

'^MoZr*"^^^^ continued to swell put with

upwards of 40 to 1. ^ ^^^^^^ ^,a,ed

undiminished rap.mty,
' ^^^^^^^ f,,,ter as the mag-

to be visible, the
^"^^^f 7, became undlstln-

nitude increased; till at l^^gf
^^^f^^'^^^^^^ while this

guishable from simple want of hgbt to trace

moment, within an hour one >v.

,

enJopc must have commenced.
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increase of dimension proceeded, the form of the disc passed,

by gradual and successive additions to its length in the direc-

tion opposite to the sun, to that of a paraboloid, as represented
in^ fig. 1, plate VL, the anterior curved portion preserving its

planetary sharpness, but the base being faint and ill-defined.

It is evident that had this process continued with sufficient

light to render the result visible, a tail would have been
ultimately reproduced ; but the increase of dimension being
accompanied with diminution of brightness, a short, im-
perfect, and as it were rudimentary tail only was formed,
visible as such for a few nights to the naked eye, or in a low
magnifying telescope, and that only when the comet itself

had begun to fade away by reason of its increasing distance.

^

(572.) While the parabolic envelope was thus continually
dilating and growing fainter, the nucleus underwent little

change, but the ray proceeding from it increased in length
and comparative brightness, preserving all the time its direc-
tion along the axis of the paraboloid, and offering none
of those irregular and capricious phcenomena which charac-
terized the jets of light emitted anteriorly, previous to the
perihelion. If the office of those jets was to feed the tail,

the converse office of conducting back its successively con-
densing matter to the nucleus would seem to be that of
the ray now in question. By degrees this also faded, and
the last appearance presented by the comet was that which
it offered at its first appearance in August ; viz. that of a
small round nebula with a bright point in or near the center.

(573.) Besides the comet of Halley, several other of the

i
great comets recorded in history have been surmised with

1 more or less probability to return periodically, and therefore
I to move in elongated ellipses around the sun. Such is the
s great comet of 1680, whose period is estimated at 575 years,
and which has been considered, with at least a high primafacia
probability, to be identical with a magnificent comet observed
at Constantinople and in Palestine, and referred by con-
temporary historians, both European and Chinese, to the year
A.D. 1105

; with that of A.D. 575, which was seen at noon-
day close to the sun; with the comet of 43 B.C., already

c c
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',o.en of as W.,,
^Yhich was also observed m the aay um

,
_ Q-.KvUine

othe. ccets, .e.t.„
rl^^^^^^^^^^^

Oracles, and in a passage of Homer ana w

well as the obscunty of
4 B. c. It is to

selves will allow, to tte
^. ^^^^^^ earth about

r rDXr hi ascribed .hat over

!he,r«ldt:a^e to^-o^e a.enc.

,hat p-t—pbe aSP—
^^^^^ ^^^^ e,,,,;„,y

es'p;oiaUy when it is considered how very -re
remarkable, especially w

.

^ - Professor Encke,

are the appearances
'J'J^Mt^,,, the observations

however, discussed, wi h aU PJ-W-r onsideration the

recorded of
^^J ^'^S ai^ of trilling importance

perturbations of the planets
ecliptic),

wa:i?::rw";rn7!%.i:t* with sih i

and his eakulation

period as 6 5
J,^ error, the most pro-

any probable or ev™ P
; 58,4 Julian years,

bable period assigned *™J^^^^^^^^^ drcumstances

Independent of this

«»"f;^''7;
*

l^patible with its

recorded of the
^^J^^^^^^Z. of the eoniet of 1680

motion m any orbit
^f'^*}<'f''' phenomena to one and

so that the idea of
^,7be relinquished,

the same comet, however -d-°f; ™ Xn about the year

(574.) Another P-^t than one eminent authority

1848 had been considered by more tc
^^^^^

in this department of f"^^^ ^ fJ„J historians have

of 1556, to the terror of wh s a.pec
^

attributed the abdication of the impe

comet is supposed to be
^^'^^f^ 'J^ZlC^r.i observed

irrtra:e,"'ir:l on .he

, Pingre,
Cometographie, i. 411 ;

Ubnde. Astv. .185.
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subject of this coincidence Mr. Hinrl h.. ^ , .

-»a„y elaborate calculations, the esS of wK t
""

in favour of the supposed idenZ °I
! u'f™"'^'''

and a head bright enough to be visible oft.. . , .

appeared in a -n q't- j 7 sunrise, havbff

perturbation .ight reconcrLn I^^^^^^^^^

though up to the tinie of our wriLfa85« f
has yet been observed, two or tl r.P

^ ^ °' '""'^ """^'^

in the opinion of thos; be^ o^;i^^^^^^^^^ Z^/treturn must be considered hopeless
'

(575.) In mi, 1532, 1402 II45 eqi ,

comets appeared-that of U02 hi f • 'Z''^'
^ -en at noon day. 1 peri d U,^ ' T""^""
all these appearances !Z I ^ ] ! '^''''^'^ '^'^''''^^^'^

comet in 178.9 or 790 .oth" " '""^'^ '^^^

That no such colt ^'3 leTver^rfT" ^^^'^^^^^^^

'
proof that it did not murn ,

' °°
of its orbit, had the peHhdL '

'°

it might ha^e escaned oh .
P^'^^^ i^ Julyo ^ li^ve escaped observation. Mechain j r

e abo,ate discussion of the observations o lS lrd aiT "
to the conclusion thoi- fi,„

'^"'^ ^"oi, came

theewr sCedbforT "'^^"^^

- widel, fron. tfe tf^r''" ^^er
one hand and

™oonam tor the same comet on the

astrono^ltT trer^" r;""

«w
piiod:r:;"cV„r;h«r;:Srrt,r".'' -^r?'-asmuch as two ,t i /T ,

" °o <lo'>b', in-

having pe for
°

,
*™ """^ been identified as

™ each occasion ;::;ll ;™t;7„Tb-"'"^1
uBiy Kept to their appointments.

* Schu.«acher-s Ca.al. Astron. Abhandl. i.
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The first of these is the comet of Encke, so_ called from

Professor Encke of Berlin, who first ascertamed its periodxcal

return. It revolves in an ellipse of great eccentricity (though

not comparable to that H^lley^^^^^^^^^

clined at an angle of about 13 22 to tne plane u i

and in the shorrperiod of 1211 days or about 3Xyea s. Th.

remarkable discovery was made on the occasion of i fourth

recorded appearance, in 1819. From the ^H^P^e then ca^

culated by Encke, its return in 1822 -b pred^^^^^^^^

and observed at Paramatta, m New South Wa es by M

Humker, being invisible in Europe: since which it has been"
ted and re-observed in all the principal observatoi^^,

both in the northern and southern hemispheres, as a ph^

nomenon of regular occurrence.
successive

f577 ^ On comparing the intervals between the ''"^cessive

V^''v °
nffpr nllowino- m the most

perihelion passnges of
X^^^^^ due to the

caveful and exact mannef for all 'i^'"*^^
j„ i;^^,

actions of the planets, a very singular fact has come „

.... that the periods are continually "j/^ °f
^vords, the mean distance from the sun, J^^ atLrate
the elHpse. dwindling by s ow and -g^^-

which would be proQuceu uy
,.^,.,rnrlmo- the regions

comet from a very rare ethereal
'-^.^'^'^J'^f'^^^^^^l Hs

;„ .hich it -»-s; for such res^tan e^b^^^^^^^^^^

actual velocity, would dimmish also its ccnti

thus give the sun more power ovei
,j

Accordingly this is the
^f'^'^^J^^^J^ case,

present generally received ShouU th.
l„^,^,,M

it will, therefore, probably fall

f'""'"f top.„b-

U not first be dissipated -^ff^^^^^lZJ^. ^The

able, when the
I'f f ^^'^f 570. would seem,

considerations ="1^- *
,J" ,Me explanation of the

^=;n:r;:rrlLcessarily leading to such

a catastrophe.
„,.n„f mno-nitude of this comet
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Wge of Its actual distance from the earth at the time con

in K°,t -f ™'""f' --rtaincd to" Mra";n bu\k a, ,t approaehe, to, and to expand as it reide'from, that luminary. M Val^ \uV ^^'^"^^

this fact, -counts ifb/'lrst/^^^
*°

compression or oondensatiLT™,"I trirnffr T'

=lrnrhtrnt::fX::t!^-=

nomenon iraXonVt th??""'"" P^.-
described, as obseXd the 0!^:^ l,f
act of recedincr from thf «,T T f ,

^' '°

similar cause %l ' ]?
' T " '''^f"''"'' »

matter into L t;t s of "k? r^'"'"" °' "'^P-'^Me

tteauernati„;a:;rofe ;r L're t^Tr'^^'^rta.1, but offers to the view onl a smdi in d!/°T
™

excentr cally situafprl
lii-defined nucleus,

-ss of va^ots '
bei "tar^^^ "J 'r

towards the sun. ° "Wch is.

calS f2>m M.*B~ Jo"' tfr'"" ^'^l^. -
interesting concT oVonThf oT ' «
826. It" is eonsideL tot rr f •''PP^''™"- »
"Ppeared in 1772, 1805 1°

a r ""! <^™^'» "hich
ellipse about the uut 24,0' vs I

" ^''^

a plane inclined 12° 34' t a/^'v""''™' ^'^^
! and in

"ceording to the prediction t itiT,
.''Reared again,

V a remarkable coincidenr ?^ " I«» «l>it>

been a monft ;„ advl^ 'of jt 7%"^T P'^'^S^ >832,
passed through theTZet \

have
»ot unattendSl with d2el~^ " P^^-P'

* Should calculat"

jree of
and by
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(580.) This comet Is small and hardly visible to the naked

eye, even when brightest. Nevertheless, as if to make np

for its seeming insignificance by the interest attaching to it

in a physical point of view, it exhibited at its appearance

in 1846, a pheenomenon which struck every astronomer with

amazement, as a thing without previous example m the

history of our system.* It was actually seen to separate

itself into two distinct comets, which, after thus partmg

company, continued to journey along amicably through an arc

of iinwards of 70° of their apparent orbit, keeping all the

while within the same field of view of the telescope i^omted

•towards them. The first indication of somethmg unusual

beino- about to take place might be, perhaps, referre^d to the

19th°of December,1845,when the comet appeared to Mr. Hind

pear-shaped, the nebulosity being unduly elongated in a di-

rection inclining northward. But on the 13t^i of January,

at Washington in America, and on the 15th and subsequently

in every part of Europe, it was distinctly seen to have become

double ; a very small and faint cometic body, having a nucleus

of its own, being observed appended to it. at a distance of about

2' (in arc) from its center, and in a direction forming an angle

of about 328° with the meridian, running northwards from the

principal or original comet (see art. 204). From this time the

separation of the two comets went on progressively, though

slowly. On the 30th of January, the apparent distance ot

„eir resistance questions will co-Jo be decided sud^^^^^^^^^^^

- the law of density
f^^t.^aClnTvS'd" ecJ^o^n does it n.ove? Circularly

.-It rest or in motion ? It the latter, i.
, . ^^^^^ ? n ,s obvious

round the sun, or traversing space ?

^^'^X^ accelerate some comets a«d

that a circuhir or vorticose motion of the eiber
^^^^^ ^ ^.^^^^

r.<ard oMe... according as their revol^^^^^^^^^
^„^j ^ ,

or retrograde Supposing
,"^'e\'^°X°°circuUtion of the planets in it for

material fluid, it is not co'-ceiv^able that the c ^^^^^.i^
^^^^.^

£r''rndrmr;:SveX;Lm^
resistance.- Note <ocrf.i,ono/ 1833.

j. • „f Kepler,

» Perhaps not q-f^^'^^^o
'.aj -^^.n^^^^

^
,

^^^^^

,
that two great comets

, „d M. Litt ow (Nachr. 564.) does

two, the f"!lo-'"S P,f;^:;L„T^^^^^ bearing at least a certain analogy to .t.

really seem to refer to ^o'"^ P^"" ^ , .. .^^ ,„-„,„e corpivs
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the nucleus had increased to 3', on the 7th of February to 4
,

and on the 13th to 5', and so on, until on the 5th of March
the two comets were separated by an interval of 9' 19''^ the
apparent direction of the line of junction all the while varying
but little with respect to the parallel.*

(58 1.) During this separation, very remarkable changes were
observed to be going on, both in the original comet and its

companion. Both had nuclei, both had short tails, parallel in
direction, and nearly perpendicular to the line of junction, but
whereas at its first observation on January 13th, the new comet
was extremely small and faint in comparison with the old, the
difference both in point of light and apparent magnitude di-
minished. On the 10th of February, they were ne°arly equal,
although the day before the moonlight had effaced the new one,'

leaving the other bright enough to be well observed. On the
14th and 16th, however, the new comet had gained a decided
superiority of light over the old, presenting at the same time
a sharp and starlike nucleus, compared by Lieut. Maury to a
diamond spark. But this state of things was not to continue.
Already, on the 18th, the old comet had regained its supe-
riority, being nearly twice as bright as its companion, and
offering an unusually bright and starlike nucleus. From
this period the new comjoanion began to fade away, but
continued visible up to the 15th of March. On the 24th the
comet appeared again single, and on the 22nd of April both
had disappeared.

(582.) While this singular interchange of light was goino-
forwards, indications of some sort of communication between
the comets were exhibited. The new or companion comet,
besides its tail, extending in a direction parallel to that of th(
other, threw out a faint arc of light which extended as a
kind of bridge from the one to the other ; and after the resto-
ration of the original comet to its former preeminence, it, on
Its part, threw forth additional rays, so as to present (on the
22nd and 23rd February) the appearance of a comet with

the*come?rhfcfJr'r °^ '""'""^ °^ '"PP"^"' ''^^ due to

distancT- 1 af h
P'°"""'y t° t>'« <^"th. The real increase reduced to aflistance _ 1 of the comet was at the rate of about 3" per diem.
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three faint tails forming angles of about 120° with each other,

one of which extended towards its companion.

(583.) Professor Plantamonr, director of the observatorj'

of Geneva, having investigated the orbits of both these

comets as separate and independent bodies, from the exten-

sive and careful series of observations made upon them, ar-

rived at the conclusion that the increase of distance between

the two nuclei, at least during the intervalfrom February \Qth

to March 22nd, was simply apparent, being due to the va-

riation of distance fromf the earth, and to the angle under

which their line of junction presented itself to the visual ray;

the real distance during all that interval (neglecting small

fractions) having been on an average about thirty-nine times

the semi-diameter of the earth, or less than two-thirds the

distance of the moon from^ its center. From this it would

appear that already, at this distance, the two bodies had

ceased to exercise any perceptible amount of perturbative

gravitation on each other; as, indeed, fi'om the probable

minuteness of cometary masses we might reasonably expect.

It may well be supposed that astronomers would not allow

so remarkable a duplication to pass unwatched at the next

return of the comet in 1852. In August and September of

that year both nuelei were observed by Professor Chalhs at

Cambridge, Secchi at Rome, and M. Struve, presentmg, as

regards direction, the same relative situation with regard to

each other, so that we have here the historical proof of a per-

manent addition to the members of our^system taking place

at a definite instant under our very eye. (PI. VL, fig- 2-)

(584.) A third comet, of short period, has been added to

our list by M. Faye, of the observatory of Pans, who de-

tected it on the 22d of November, 1843. A very few ob-

servations sufficed to show that no parabola would satisty

the conditions of its motion, and that to represent them com-

Bletelv it was necessary to assign to it an elliptic orbit of

very moderate excentricity. The calculations of M. Nicolai,

. . A-r.. „ the elements of this comet deduced by M. Santmi, taking
• According o the elem

.^^ ^^^^ ^^^^^^ ^^^^^^^ have passed

into account all Pl'j"^
f^/,,^ .,„nuarv 29, respectively. 1866. Its ap

;';tnrwSTn I'l -.1 l--^-^"g'>-
>ooked tor, but in vain

;
nor has an

iZZe cause been assigned for its disappearance !

ap-
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subsequently revised and slightly corrected by M. Leverrier
have shown that an almost perfect representation of its mo'
tions during the whole period of its visibility would be
afforded by assuming it to revolve in a period of 27l7<i-68
(or somewhat less than 7^ years) in an ellipse whose excen-
tncity is 0-55596, and inclination to the ecliptic 11° 22' 31"-
and taking this for a basis of further calculation, and by
means of these data and the other elements of the orbit
estnnating the effect of planetary perturbation durino- the
revolution now in progress, he fixed its next return to the
perihelion for the 3d of April,. 1851, with a probable error
one way or other not exceeding one or two days. This
prediction has been strikingly verified. It actually passed
Its perihehon on the 1st of April, 1851, having been re-
discovered by Professor Challis. at Cambridge in November,
1850, and followed beyond the perihelion by M. Otto Struveup to March 4. 1851.

(585.) The effect of planetary perturbation on the motion
of comets has been more than once alluded to in what has
been above said. Without going minutely into this part of
the subject, which will be better understood after the perusal
of a subsequent chapter, it must be obvious, that as the
orbits of comets are very excentric, and inclined in aU sorts
of angles _to> the ecliptic, they must, in many instances, if not
actually intersect, at least pass very near to the orbits of

tr.'.. u-/:T; ,

^'^^ '^''"^y -stance,
that the orbit of Biela's comet so nearly intersects that of the
earth, that an actual collision is not impossible, and indeed
(supposing neither orbit variable) must in all likelihood happenm the lapse of some millions of years. Neither are instances
wanting of comets having actually approached the earth

ZZ T7c"rT^y '^''^ «f 1770' ^hich

ZlnV r

""^^ y^""' ^itJ^i" i5"le more than

r fatZ '^^^^"^^ 58th of the radiu

went clnrT 1 disturbance its former orbit under-went during that appulse that we owe its appearance witMn
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our own range of vision. This exceedingly
_

remarkable

comet was found by Lexell to describe an elliptic orbit with

an excentricity of 0-7858, with a periodic time of about

five years' and a half, and in a plane only 1° 34' inclined to

the ecliptic, having passed its perihelion on the l^th oi

Augnst, 1770. Its return of course was eagerly expected

but in vain, for the comet has never been certainly identified

with any comet since seen. Its observation on its farst le-

turn in 1776 was rendered impossible by tbe relative situ-

ations of the perihelion and of the earth at the time, and

before another revolution could be accomplished (as has since

been ascertained), viz. about the 23d of August 1779 by

a singular coincidence it again approached Jupiter with n

one 491st part of its distance from the sun, being nearer to

that planet by one fifth than its fourth satellite. No wonder,

therefore, tha't the planet's attraction (which at that distance

would exceed that of the sun in P™p°rtion «f atW
200 to 1) should completely alter the orbit and deflect it

Lto a cu ve, not one of whose elements would have the least

::::blance' to those of the ellipse of Lexell. It is w.^^^^^

of notice that by this rencontre with the system of Jupiter s

satellites, none of their motions suffered any l--eP jble de-

rano-ement,-a sufficient proof of the smallness of it. mass.

J^^t^ indeed, seems, by some strange fatality, to be con-

Sy in the way of comets, and to serve as a perpetual

-r^^rft^^^^^^ August, 1844, Signor de Yico

.So^eobs^of^^^^

It passed its pe ihelion on the 2nd of September, and con-

0 be observed until the 7th of December. Elliptic

Tements of this comet, agreeing remarkably well with each

oZ ere accordingly calculated by several astronomers;

r 1 -nb it appears that the period of revolution is about

^gTot;^^ 5X 5 4357) years! which (supposing its orbit

undtttbed in the^ interim) would bring it back to the pen^

r n or about the 13th of January, 1850, on which
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occasionj however, by reason of its unfavourable situation

with respect to the sun and earth, it could not be observed.

As the assemblage and comparison of these elements, thus

computed independently, will serve better, perhaps, than any
other example, to afford the student an idea of the degree of
arithmetical certainty capable of being attained in this branch
of astronomy, difficult and complex as the calculations them-
selves are, and liable to error as individual observations of a
body so ill defined as the smaller comets are for the most
part, we shall present them in a tabular form, as on the next
page

: usual; the time of perihelion
passage, longitude of the perihelion, that of the ascending
node, the inclination to the ecliptic, semiaxis and excentricity
of the orbit, and the periodic time.

This comet, when brightest, was visible to the naked eye,

and had a small tail. It is especially interesting to astrono-

mers from the circumstance of its having been rendered ex-
ceedingly probable by the researches of M. Leverrier, that it

is identical with one which appeared in 1678 with some of its

elements considerably changed by perturbation. This comet
is further remarkable, from having been concluded by
Messrs. Laugier and Mauvais, to be identical with the comet
of 1585 observed by Tycho Brahe, and possibly also with
those of 1743, 1766, and 1819.

(587.) Elliptic elements have in like manner been assigned

to the comet discovered by M. Brorsen, on the 26th of
February, 1846, which, like that last mentioned, speedily

after its discovery began to show evident symptoms of
deviation from a parabola. These elements, with the names
of their respective calculators, are as follow. The dates are
for February 1846, Greenwich time.

Computed by Brunnow. Hind. Van Willingen
and De Haan.

|

Perihelion passage
Long, of Perihelion
Long, of Q
Inclination

Semiaxis -

Excentricity

Period (days)

25*' 37794
1 16° 28' 34" -0

102 39 36- 5
30 55 6- 5

3-15021

0-79363

2042

25^- 33109
116° 28' 17"-8

102 45 20- 9
30 49 3- 6

3-12292
0-79771

2016

25«- 02227
116° 23' 52"-9

103 31 25- 7

so 30 30-

2

2-870 52

0-77313

1776
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This comet is faint, and presents nothing remarkable In

its appearance. Its chief interest arises fi'om the great

similiarity of its parabolic elements to those of the comet of

1532j the place of the perihelion and node, and the inclination

of the orbit, being almost identical.

(588.) Elliptic elements have also been calculated by
M. D'Arrest, for a comet discovered by M. Peters, on the

26th of Jmie 1846, wrhich go to assign it a place among the

comets of short period, viz. 5804^-3, or very nearly 16 years.

The excentricity of the orbit is 0-75672^ its semiaxis 6-32066,
and the inclination of its plane to that of the ecliptic

31° 2' 14'^ This comet passed its perihelion on the 1st of
June 1846.

(589.) By far the most remarkable comet, however, which
has been seen during the present century, is that which
appeared in the spring of 1843, and whose tail became
visible in the twilight of the 17th of March in England as
a great beam of nebulous light, extending from a point
above the western horizon, through the stars of Eridanus and
Lepus, under the belt of Orion. This situation was low and
unfavourable; and it was not till the 19th that the head was
seen, and then only as a faint and ill-defined nebula, very
rapidly fading on subsequent nights. In more southern
latitudes, however, not only the tail was seen, as a magnificent
train of light extending 50° or 60° in length ; but the head
and nucleus appeared with extraordinary splendom-, exciting
La every country where it was seen the greatest astonish-
ment and admiration. Indeed, all descriptions agree in repre-
senting it as a stupendous spectacle, such as in superstitious

ages would not fail to have carried terror into every bosom.
In tropical latitudes in the northern hemisphere, the tail

appeared on the 3d of March, and in Van Diemen's Land, so
early as the 1st, the comet having passed its perihelion on
the 27th of February. Abeady on the 3d the head was so
far disengaged from^^he unmediate vicinity of the sun, as to
appear for a short time above the horizon after sunset. On
this day when viewed through a 46-inch acln-omatic
telescope it presented a planetary disc, from which raya
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emerged in the direction of the tail. The taU was double,

consisting of two principal lateral streamers, making a very

small angle with each other, and divided by a comparatively

dark line, of the estimated length of 25°, prolonged however

on the north side by a divergent streamer, making an angle

of 5° or 6° with the general direction of the axis, and trace-

able as far as 65° from the head. A similar though fainter

lateral prolongation appeared on the south side. A fine

drawing of it of this date by C. P. Smyth, Esq. of the

Royal Observatory, C. G. H., represents it as highly sym-

metrical, and gives the idea of a vivid cone of Hght, with a

dark axis, and nearly rectilinear sides, inclosed m a famter

cone, the sides of which curve slightly outwards. The light

of the nucleus at this period is compared to that of a star of

the first or second magnitude ; and on the 11th, of the thii-d

;

from which time it degraded in light so rapidly, that on the

19th it was invisible to the naked eye, the tail all the

while continuing brilliantly visible, though much more so at

a distance from the nucleus, with which, indeed, its connexion

was not then obvious to the unassisted sight— a smguiai

feature in the history of this body. The tail, subsequent to

the 3d, was generaUy speaking a single straight or shghtly

curved broad band of light, but on the Uth it is recorded by

Mr Clerihew, who observed it at Calcutta, to have shot forth

a lateral tail nearly twice as long as the regular one but

famter, and making an angle of about 18° with its direction

on the southern side. The projection of this ray (winch

was not seen either before or after the day in question) to

so enormous a length, (nearly 100°) in a smgle day conveys an

impression of the intensity of the forces actmg to produce

such a velocity of material transfer thi'ough space, such as

no other natural phenomenon is capable of excitmg It is

clear that if we have to deal here with matter, such as we

conceive it, V^z. possessing inertia -at all, it must be under

the dominion of forces incomparably more energetic than

gravitation, and quite of a different nature.

f590 ^ There is abundant evidence of the comet m question

havincr been seen in full daylight, and in the sun's immediate

vicbiry. It was so seen on the 28th of February, the day
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after its perihelion passage, by every person on board the

H. E. I. C. S. Owen Glenclower, then off the Cape, as a short

dagger-like object close to the sun a little before sunset. On
the same day at 3^ 6™ P. M., and consequently in full sun-

shine, the distance of the nucleus from the sun was actually

measured with a sextant by Mr. Clarke of Portland, United
States, the distance center from center being then only
3° 50' 43". He describes it in the following terms : « The
nucleus and also every part of the tail were as well defined

as the moon on a clear day. The nucleus and tail bore the

same appearance, and resembled a perfectly pure white cloud
without any variation, except a slight change near the head,
just sufficient to distinguish the nucleus from the tail at that
point." The denseness of the nucleus was so considerable,

that Mr. Clarke had no doubt it might have been visible upon
the sun's disc, had it passed between that and the observer.

The length of the visible tail resulting from these measures
was 59' or not far from double the apparent diameter of the
sun

;
and as we shall presently see that on the day in question

the distance from the earth of the sun and comet must have
been very nearly equal, this gives us about 1700000 miles
for the linear dimensions of this the densest portion of that
appendage, making no allowance for the foreshortening,

which at that time was very considerable.

(591.) The elements of this comet are among the most re-
markable of any recorded. They have been calculated by
3e\eral eminent astronomers, among whose results we shall
specify only those which agree best ; the earlier attempts to
compute its path having been rendered imcertain by the dif-

ficulty attending exact observations of it in the first part of
its visible career. The following are those which seem
entitled to most confidence : —

Encke. Flantamour. Knorre. Nicolai. Peters.

Perihel pan., 1843
Feb., mean time at
Greenwich. .

Long, of perihel.
Long of n -

luclina'clon -

Perihel. dist.

Motion

27d 45096
2790 2' 30"

4 15 5
35 12 38
0-00.'i22

Retrograde.

27d-42935

278° 1
8' 3"

0 SI 4
•

35 8 56
0 00581

Retrograde.

27>i-39638

278° 28' 25"
1 48 3

35 35 29
0-00579

Retrograde.

27d -43023
278° 36' 33"

1 37 65
35 36 29
0-00558

Retrograde.

27d-4I319
2790 69' 7"
3 65 17
35 15 42
0 00428

Retrograde.

I
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(592 ) What renders these elements so remarkable is the

amallness of the perihelion distance. Of all comets wh.ch

have been recorded this has made the nearest approach to the

sun. The sun's radius being the sine of his apparent

semi-diameter (16' V) to a radius equal to the earths mean

distance=l, is represented on that scale by 0-00466 which

faUs short of 0-00534, the perihelion distance found by taking

a mean of all the foregoing results, by only 0-00068, or about

one seventh of its whole magnitude. The comet,_ therefore,

approached the luminous surface of the sun within about a

seventh.part of the sun's radius ! It is worth while to con-

sider what is implied in such a fact. In the first place, the

intensity both of the light and radiant heat of the sun at

different distances from that luminary increase proportionally

to the spherical area of the portion of the visible he-sphere

covered by the sun's disc. This disc, in the case of he earth

at its mean distance has an angular diameter of 32 1
- 1

.

our comet in perihelio the apparent angular diauieter of the sun

was no less than 121° 32'. The ratio of the spherical surfaces

thus occupied (as appears from spherical geometry) is that ot

t e squares of the sines of the fourth parts of these angles to

each other, or that of 1 : 47042. And in this proportion are

Zel otier the amounts of light and heat thrown by the sun

on an equal area of exposed surface on our earth and at e

comet in equal instants of time. Let any one imagine the

r::f soVce a gUre as .hat of

exoerience the warmth of, on the materials or wi
_expeiieuoc L

Tn form some practical idea ot

earth^s surface is composed, lo ioim some p

it we may compare it with what is recorded o Paikei . great

enTwhL diameter was 32^ inches, and foca length six feet

e "htTnches. The effect of this, supposing all tbe hght and
eigntincnes

concentration perfect, (both

^TdUrt^feetl^^ to enlarge .he

^ IZtive an^lar diameter to 23" 26', which, compared
8uas effective an

on the same ?' "
„„<i i„„,ased sevenfold

g,ve a ""''-P ;
'terposmg a concentrating lens,

Kritt^^ot: 0 'The hiat to which the comet was
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subjected therefore surpassed that in the focus of the lens in
question, on the lowest calculation, in the proportion of 24-i.

to 1 without, or 3^ to 1 with the concentrating lens. Yet
that lens, so used, melted carnelian, agate, and rock crystal

!

(593.) To this extremity of heat however the comet was
exposed but for a short time. Its actual velocity in perihelio
was no less than 366 miles per second, and the whole of that
segment of its orbit above {i.e. north of) the plane of the
ecHptic, and in which, as wiU appear from a consideration of
the elements, the perihelion was situated, was described in
Httle more than two hours ; such being the whole dm-ation
of the tune from the ascending to the descending node, or in
which the comet had north latitude. Arrived at the descend-
ing node, its distance from the sun would be already doubled,
and the radiation reduced to one fourth of its msiximum'
amount. The comet of 1680, whose perihelion distance was
0-0062, and which therefore approached the sun's surface
within one third part of his radius (more than double the
distance of the comet now in question) was computed by
Newton to have been subjected to an intensity of heat 2000
tunes that of red-hot iron,—a term of comparison indeed of a
very vague description, and which modern thermotics do not
recognize as affording alegithnate measure of radiant heat.*

(594.) Although some of the observations of this comet
were vague and inaccurate, yet there seem good grounds
for believing that its whole course cannot be reconciled
with a parabolic orbit, and that it really describes an elHpse.
Previous to any calculation, it was remarked that in the
year 1668 the tail of an immense comet was seen in Lisbon,
at Bologna, in Brazil, and elsewhere, occupying nearly the
same situation among the stars, and at the same season of
the year, viz. on the 5th of March and the following days.

Plal'thonlf
°^ ^^^^ ^""^ "^"^t prob«I,Iv have taken

rerr!^ d fat r P^^^^S'^ descending node. It is greatly t L"

^^i2t\ttZT^T'^ ' pha^nomenon should have passed^unobicvc'l

of Marc , wh^ the '''V""'^ t"',"^ ''''''
'^'"^''^'^ °« ^ '^"^ V >

crossed that p . eld b
"!'"'"

"''"''P t 'T'''
'"^^^'^'^^ should have

is, that on t'he event' of tZT T:,'^'
'""^ Certain it

immediate neighbour ood .f f ^'''^'=l^edIv cometic ray seen in the
vol. V. p. 270.)

'hose stars by Mr. Nasmyth. (Ast. Soc Notices,

D D
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Its brio-htness was such that its reflected trace was easily

distinguished on the sea. The head, when it at length came

in sight, was comparatively faint and scarce discernible. No

precise observations were made of this comet, but the singular

coincidence of situation, season of the year, and physical

resemblance, excited a strong suspicion of the identity of the

two bodies, implying a period of 175 years withm a day or

two more or less. This suspicion has been converted ahnost

into a certainty by a careful examination of what is recorded

of the older comet. Locating on a celestial chart the situa-

tion of the head, concluded from the dhection and appearance

of the tan, when only that was seen, and its visible place,

when mentioned, according to the descriptions given, it has

been found practicable to derive a rough orbit from the

course thus laid down: and this agrees m all its features

so well with that of the modern comet as nearly to remove

all doubt on the subject. Comets,
J^^^^^^^^^^^^

have been seen in A. D. 268, 442-3, 791 968, 1143, 1317

1494, which may have been returns of this, since the penod

above-mentioned would bring round its appearance to the

years 268, 443, 618, 793, 968, 1143, 1318, and 1493, and a

Lrtain latitude must always be allowed for unknown pertur-

"^1595.) But this is not the only comet on record whose

identity with the comet of '43 has been -^^^-^^^^^

1689 a comet bearmg a considerable resemblance to xt wa^

observed fr'om the 8th to the 23d of December, and tiom

Jh few and rudely observed places recorded, its elements had

^Ta/culated b/pingr., one^^T:^
l:ro7that was very^Lai.a^

mirand a sufficient though indeed i-oi.gh coincidence in he

Ice of the perihelion and node tended to corroborate the

ion. But the incHnation (69°) assigned to it by T.ngre

iZred conclusive against it. On recomputing the elements

?^ llr from his data, Professor Pierce has assigned to that

'Zr:!^^^ widely differing from Pingr6's, vi.

study this interesting department of the science.
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30° 4' * and quite witMn reasonable limits of resemblance.
But how does this agree with the longer period of 175 years
before assigned? To reconcile this we must suppose that
these 175 years comprise at least eight returns of the comet,
and that m effect a mean period of 2P-875 must be allowed
for its retiun. Now it is worth remarking that this period
calculated backwards from 1843-156 will bring us upon a series
of years remarkable for the appearance of great comets, many
of which, as. well as the imperfect descriptions we have of
their appearance and situation in the heavens, offer at least
no obvious contradiction to the supposition of their identity
with this. Besides those abeady mentioned as indicated by
the period of 175 years, we may specify as probable or
possible mtermediate returns, those of the comets of 1733 ?f,
1689 above-mentioned, 1559?, 1537 J, 1515 §, 1471 1495'
1405-6, 1383, 1361, 1340||, 1296, 1274, 1230ir,' 1208*
1098, 1056, 1034,1012**,

990?tt,925?,858??,684tt 552^

530§§, 421, 245 or 247
||||, 180n, 158. Should this view of

the subject be the true one, we may expect its return about
United States Gazette May 29. 1843. Considering that all the observa ions he „.ar the descending node of the orbit, the proxfmity of the come ltha time to the sun, and the oose nature of the recorded observatlor nodoubt almost any given inchnation might be deduced from them S Irueest m such cases IS not to ascend from the old incorrect data to elements butto descend from known and certam elements to the older data, and S'rtdnwhether the recorded pha=nomena can be represented by them VpertuTSnmcluded) within fair limits of interpretation.' Such is VZrir^TrJlT^;

eariy fn the'efr.

"^'^ °^ ^^th seems too

i d'
^' ^" January 15S7, a comet was seen in Pisces

He died Jan.^2f.'TA'5.
^ """"^^ P'"^'"'''^ '^'^ ^'^^'^ of Ferdinand the Catholic.

P. P. 1340-031. Evidently a southern comet, and a very probable appear-ance

»* p ^' ' '^^^ perhaps a return of Halley's.

heavens ^" Snn^-Tf',!
^"

-"l^'
""^'^ great comet in the southern part of fl,o

aluC recoS^dt^t:::H Com.tographie, from whom

^' ^' "Com^te fort epouvantable," wme year between 989 and

obSnr^.'.
^' I" 684, appeared two or three comets. Dates begin to be

ClfiL.^trifttl^.EuToTe^PP^^^'^'^'" ^=^0 ""'I '''' f--'- °^-"ed in

onSl^otJjr m!y1,t\vX""*'"''"
°^

n P. P.180-G56. Nov.'e. A.n. 180. A southern comet of the Chinese annals.

D D 2
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the end of 1864 or beginning of 1865, in which event it will

be observable in the Southern Hemisphere both before and

after its perihelion passage.*

(596.) M. Clausen, from the assemblage of aU the obser-

vations of this comet known to him, has calculated elliptic

elements which give the extraordinarily short period of

6-38 years. And in effect it has been suggested that a still

further subdivision of the period of 21-875 into three of

7-292 years would reconcile this with other - remarkable

comets. This seems going too far, but at all events the

possibility of representing its motions by so short an ellipse

will easily reconcile us to the admission of a period of 21

years. That it should only be visible in certain apparitions,

and not in others, is sufficiently explained by the situation

of its orbit.

(597.) "We have been somewhat diifuse on the subject of

this comet, for the sake of showing the degree and kind of

interest which attaches to cometic astronomy in the present

state -of the science. In fact, there is no branch of astronomy

more replete with interest, and we may add more eagerly

pursued at present, inasmuch as the hold which exact calcu-

lation gives us on it may be regarded as completely esta-

blished ; so that whatever may be concluded as to the motions

of any comet which shall henceforward come to be observed,

will be concluded on sure grounds and with numerical pre-

cision ; while the improvements wliich have been introduced

into the calculation of cometary perturbation, and the daily

increasing familiarity of numerous astronomers with compu-

tations of this nature, enable us to trace their past and future

history with a certainty, wHch at the commencement of the

present century could hardly have been looked upon as

attainable. Every comet newly discovered is at once sub-

jected to the ordeal of a most rigorous enquiiy. Its elements,

roughly calculated within a few days of its appearance, are

gradually approximated to as observations accumulate, by a

Clausen Astron. Nachr. No. 415. Mr. Cooper's remarks on thU comet in

his CiitaloEue of Comets (notes, p. xviii.) go to assign by far the greatest weight

of probability to a period of for this comet.
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inultitude of ardent and expert coinputists. On the least

indication of a deviation from a parabolic orbit^ its elliptic

elements become a subject of universal and lively interest and
discussion. Old records are ransacked, and old observationa
reduced, with all the advantage of improved data and
methods, so as to rescue from oblivion the orbits of ancient
comets which present any sunilarity to that of the new visitor.

The disturbances undergone in the interval by the action of
the planets are investigated, and the past, thus brought into
unbroken connection with the present, is made to afford sub-
stantial ground for prediction of the future. A great impulse
meanwhile has been given of late years to the discovery of
comets by the establishment in 1840*, by his late Majesty
the King of Denmark, of a prize medal to be awarded for
every such discovery, to the first observer, (the influence of
which may be most unequivocally traced in the great number
of these bodies which every successive year sees added to our
list,) and by the circulation of notices, by special letter f, of
every such discovery (accompanied, when possible, by an
ephemevis), to all observers who have shown that they take
an interest in the enquiry, so as to ensure the full and com-
plete observation of the new comet so long as it remains
within the reach of our telescopes. Among the observers
who have been most successful in the discovery of comets, we
find no less than 29 discovered by Pons, 14 by Messier
and 10 by Mechain, 8 by De Vico, 8 by Miss C. Herschel-
who, however, is not, the only female observer of these bocHes
the comet of 1847 having been independently detected by
two ladies. Miss Maria Mitchell, of Nantucket, U.S., and
Madame Riimker, of Hamburg, the priority lying with the
American astronomess.

_
(598.) It is by no means merely as a subject of antiquarian

mterest, or on account of the brilliant spectacle which comets
occasionally afford, that astronomers attach a high deo-ree of
importance to all that regards them. Apart even from the
singularity and mystery which appertains to their physical

I

y
late Prof. Scliumacher, Director of the Royal Observatory of Altona.
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constitution, they have become, through the medium of exact

calculation, unexpected instruments of enquiry into points

connected with the planetary system itself, of no small im-

portance. We have seen that the movements of the comet

Encke, thus minutely and perseveringly traced^ by the

eminent astronomer whose name is used to distinguish it, has

afforded ground for believing in the presence of a resisting

medium filling the whole of our system. Similar enquiries,

prosecuted in the cases of other periodical comets, will extend,

confirm, or modify our conclusions on this head. The per-

turbations, too, which comets experience in passing near any

of the planets, may afford, and have afforded, information as

to the magnitude of the disturbing masses, which could not

well be otherwise obtained. Thus the approach of this comet

to the planet Mercury in 1838 afforded an estimation of the

mass of that planet the more precious, by reason of the great

uncertainty under which all previous determinations of that

element laboured. Its approach to the same planet in the

year 1848 was stiU nearer. On the 22{* of November then:

mutual distance was only fifteen times the moon's distance

from the earth.

(599.) It is, however, in a physical point of view that these

bodies offer the greatest stimulus to our curiosity. There is,

beyond question, some profound secret and mystery of nature

concerned in the phjenomenon of their tails. Perhaps it is

not too much to hope that future observation, borrowing

every aid from rational speculation, grounded on the progress

of physical science generally, (especially those branches of it

which relate to the ^therial or imponderable elements,) may

ere long enable us to penetrate this mystery, and to declare

whether it is really matter in the ordinary acceptation of the

term which is projected from their heads with such extra-

vacant velocity, and if not impeUed, at least directed in its

course by a reference to the sun, as its point of avoidance.

In no respect is the question as to the materiality of the tail

more forcibly pressed on us for consideration, than in that of

the enormous sweep which it makes round the sun in perihe-

lio in the manner of a straight and rigid rod, in defiance of the
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law of gravitation, nay, even of the received laws of motion,
extending (as we have seen in the comets of 1680 and 1843)
from near the sun's surface to the earth's orbit, yet whirled
round unbroken

:
in the latter case through an angle of 180°

in little more than two hours. It seems utterlylncredible
that in such a case it is one and the same material object
which is thus brandished. If there could be conceived such
a thing as a negative shadow, a momentary impression made
upon the luminiferous tether behind the comet, this would
represent in some degree the conception such a phenomenon
irresistibly calls up. But this is not all. Even such an ex-
traordinary excitement of the tether, conceive it as we will
will afford no account of the projection of lateral streamers;
of the effusion of light from the nucleus of a comet towards
tlie sun; and its subsequent rejection; of the irregular and
capricious mode in which that effusion has been seen to take
place; none of the clear indications of alternate evaporation
and condensation going on in the immense regions of space
occupied by the tail and coma, -none, in short, of innu-
merable other facts which link themselves with almost equally
irresistible cogency to our ordinary notions of matter and

_
(600 ) The great number of comets which appear to move

in parabolic orbits, or orbits at least undistinguishable from
parabolas during their description of that comparatively small
part within the range of their visibility to us, has given rise
to an impression that they are bodies extraneous to oursystem wandering through space, and merely yieldino- a
local and temporary obedience to its laws during their sojourn.What truth there may be in this view, we may never hav^
satisfactory grounds for deciding. On such an hypothesisour elliptic comets owe their permanent denizenship witliinthe sphere of the sun's predominant attraction to the action

pas e"d Tn 7 °' ^^^"^^^ ^^^^ "^^^^ ^^-e

render i

^^^^^^^^^ andrender it compatible with elliptic motion.* A similar cause
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acting the other way, might with equal probability give rise

to a hyperbolic motion. But whereas in the former case the

comet would remain in the system, and might make an inde-

finite number of revolutions, in the latter it would return no

more. This may possibly be the cause of the exceedingly

rare occurrence of a hyperbolic comet as compared with

elliptic ones,

(601.) All the planets without exception, and almost

all the satellites, circulate in one direction. Retrograde

comets, however, are of very common occurrence, which

certainly would go to assign them an exterior or at least an

independent origin. Laplace, from a consideration of aU the

cometary orbits known in the earlier part of the present cen-

tury, concluded, that the mean or average situation of the

planes of all the cometary orbits, with respect to the ecliptic,

was so nearly that of perpendicularity, as to afford no pre-

sumption of any cause biassing their directions m this respect

Yet we think it worth noticing that among the comets which

are as yet known to describe elliptic orbits, not one whose

inclination is under 17° is retrograde ; and that out of thirty-

six comets which have had elliptic elements assigned to them,

whether of great or small excentricities, and without any

limit of inclination, only five are retrograde, and of these,

only two, viz. Halley's and the great comet of 1843, can be

reo-arded as satisfactorily made out. Finally, of the l-O

comets whose elements are given in the collection of bchu-

macher and Olbers, up to 1823, the number of retrograde

comets under 10° of inclination is only 2 out of 9, and under

20° 7 out of 23.* A plane of motion, therefore, nearly co-

incident with the ecliptic, and a periodical return, are cir-

cumstances eminently favourable to direct revolution in the

cometary as they are decisive among the planeUry orbits.

THere also we may notice a very curious remark ot Mr. Mind,

(Ast Nachr. No. 724.) respecting periodic comets, viz., that

so far as at present known, they divide themselves for the

ipost part into two familles,-the one having periods of about

* So in edition of 1850. Sec, however, Appendix. Table IV.. for a more re-

cent view of these statistical particuhus.
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7o years, corresponding to a mean distance about that of Ura-
nus ; the other corresponding more nearly with those of the
asteroids, and with a mean distance between these small
j)lanets and Jupiter. The former group consists of four
members, Halley's comet revolving in 76 years, one disco-

vered by Olbers in 74, De Vico's 4th comet in 73, and Bror-
sen's 3d in 75 respectively. Examples of the latter groupe
are to be seen in the table, p. 652., at the end of this volume.]
We may add, too, that a marked tendency in the major axes

of periodical comets to groupe themselves about a certain
determinate direction in space, that is to say, a line pointing
to the sphere of the fixed stars northward to 70° long, and
30' K lat. or nearly towards the star \ Persei (in the Milky
Way), and in ihe southern to a point (also in the Milky Way)
diametrically opposite. (Ast. JSTachr. No. 853.)

(601 a.) The thu-d great comet of the jDresent century
(those of 1811 and 1843 being the other two) appeared from
June 2, 1858, to January, 1859, being known as Donati's
comet, from its first discoverer. Its head was remarkably
brilliant; and its tail, like a vast aigrette or gracefully-curved
plume, extended, when longest, over a space of upwards of
30°. Its curvature was very marked, deflecting towards the
region quitted by the comet, as if left behind (no proof, as
generally supposed, of any resistance experienced in its mo-
tion, but a necessary consequence of the combination of its
impulse outwards from the sun with the proper velocity of
the comet at the moment of its emission). The American
observers speak of two long, narrow, perfectly straight rays
of faint light, tangents to the limiting curves of the aigrette
at its quitting the head. The pha;nomena of the nucleus
under high magnifying powers were very complex and
remarkable. In each of the years 1861, 1862, appeared
great comets: that of 1861, through, or very near whose
tail the earth passed on the 30th of July, was remarkable
lor the great length and straitness of one side of its tail

;

that of 1862 for the high condensation of the nucleus and
ot the single jet issuing from it.
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PART 11.

Oi" THE LUNAR AND PLANETARY PERTURBATIONS.

" Magnus ab integro sajclorum nascitur ordo."— Vikg. Pollio.

CHAPTER XII.

SUBJECT PROPOUNDED. — PROBLEM OF THREE BODIES. SUPER-

POSITION OF SMALL MOTIONS.— ESTIMATION OF THE DISTURBING

FORCE. ITS GEOMETRICAL REPRESENTATION. — NUMERICAL ES-

TIMATION IN PAKTICULAJR CASES. — RESOLUTION INTO RECT-

ANGULAR COMPONENTS. — RADIAL, TRANSVERSAL, AND ORTHO-

GONAL DISTURBING FORCES. —NOEilAL AND TANGENTIAL.— THEffi

CHARACTERISTIC EFFECTS. —EFFECTS OF THE ORTHOGONAL FORCE.

— MOTION OF THE NODES.— CONDITIONS OF THEIR ADVANCE

AND RECESS. — CASES OF AN EXTERIOR PLANET DISTURBED BY

AN INTERIOR.— THE REVERSE CASE.— IN EVERY CASE THE NODE

OF THE DISTURBED ORBIT RECEDES ON THE PLANE OF THE

DISTURBING ON AN AVERAGE.— COMBINED EFFECT OP MANY SUCH

DISTURBANCES. — MOTION OF THE MOON'S NODES. — CHANGE OP

INCLINATION.— CONDITIONS OF ITS INCREASE AND DOHNUTION.

— AVERAGE EFFECT IN A WHOLE REVOLUTION.— COMPENSATION

IN A COMPLETE REVOLUTION OF THE NODES. — LAGRANGE'S

THEOREM OF THE STABILITY OF THE INCLINATIONS OF THE PLA-

NETARY ORBITS. — CHANGE OF OBLIQUITY OP THE ECLIPTIC—
PRECESSION OF THE EQUINOXES EXPLAINED. —NUTATION.—PRIN-

CIPLE OF FORCED VIBRATIONS.

(602 ) In tlie progress of tliis work, we have more than once

called the reader's attention to the existence of meqnaUties

in the lunar and planetary motions not included m the

expression of Kepler's laws, but in some sort supplementary

to them, and of an order so far subordinate to those leading

features of the celestial movements, as to require, for their

detection, nicer observations, and longer-continued comparison

between facts and theories, than suffice for the estabhshment

and verification of the eUiptic theory. These mequalities
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are known, in physical astronomy, by the name of perturba-
tions. They arise, in the case of the pjimary planets, from
the mutual gravitations of these planets towards each other,
which derange their elliptic motions round the sun ; and in
that of the secondaries, partly from the mutual gravitation of
the secondaries of the same system similarly deranging their
eUiptic motions round their common primary, and partly from
the unequal attraction of the sun and planets on them and on
then- primary. These pertui'bations, although smaU, and, in
most mstances, insensible in short inteiwals of time yet
when accumulated, as some of them may become, L the
lapse of ages, alter very greatly the original elliptic relations,
so as to render the same elements of the planetary orbits
which at one epoch represented perfectly weU their move-
ments, madequate and unsatisfactoiy after long intervals of
time. °

(603 ) When Newton first reasoned his way from the
broad features of the celestial motions, up to the law of
umversal gravitation, as aifecting aU matter, and rendering
every particle m the universe subject to the influence ofevery other he was not unaware of the modifications which
this generahzation would induce upon the results of a more
partial and hmited apphcation of the same law to the
revolutions of the planets about the sun, and the satellites
about their prmianes, as their only centers of attraction,
bo far from it, his extraordinary sagacity enabled him to
perceive very distinctly how several of the most important
oi the lunar mequahties take their origin, in this more
general way of conceiving the agency of the attractive power
especiaUy the retrograde motion of the nodes, and the dii-ect
revolution of the apsides of her orbit. And if he did notextend his investigations to the mutual perturbations of theplanets, it was not for want of perceiving that such perturba-tions must exist, and migU go the length of producb. gr at

astaol ''^'^ «f Pr^^tJc'-^l part of

' si^ch an attempt inviting, or indeed feasible. What
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Newton left undone, however, Ms successors have accom-

plished ;
and, at thjs day, it is hardly too much to assert that

there is not a single perturbation, great or small, which

observation has become precise enough clearly to detect and

place in evidence which has not been traced up to its origin

in the mutual gravitation of the parts of our system, and

minutely accounted for, in its numerical amount and value,

by strict calculation on Newton's principles.

(604.) Calculations of this nature require a very high

analysis for their successful performance, such as is far beyond

the scope and object of this work to attempt exhibiting.

The reader who would master them must prepare hhnself for

the undertaking by an extensive course of preparatory study,

and must ascend by steps which we must not here even

dio-ress to pomt out. It will be our object, m this chapter,

however, to give some general insight into the natui-e and

manner of operation of the acting forces, and to pomt out

what are the circumstances which, in some cases, give them

a hioh degree of efficiency— a sort oi purchase on the balance

of The system ; whHe, in others, with no less amount ot

intensity, their effective agency in producing extensive and

lastmg changes is compensated or rendered abortive
;
as well

as to explain the nature of those admii'able results respectmg^

the stabiHty of our system, to which the researches of

geometers have conducted them ; and which, under the form

of mathematical theorems of great simplicity and elegance,

involve the history of the past and fiiture state of the planetary

orbits during ages, of which, contemplating the subjectm this

point of view, we neither perceive the beginning nor the

^"(605.) Were there no other bodies in the universe but the

sun and one planet, the latter would describe an exact ellipse

about the former (or both round their common center of

gravity), and continue to perfox-m its revolutions in one and

S s^ue orbit for ever; but the moment we add to our

combination a third body, the attraction of tl--vill diaw

both the former bodies out of their mutual orbits, and, by

acting on them unequally, will disturb their relation to each
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Other, and put an end to the rigorous and mathematical
exactness of their elHptic motions, not only about a fixed
point in space, but about one another. From this way of
propounding the subject, we see that it is not the whole
attraction of the newly-introduced body which produces per-
turbation, but the difference of its attractions on the two
originally present.

(606.) Compared to the sun, aU the planets are of extreme
minuteness; the mass of Jupiter, the greatest of them all,
being not more than about one 1100th part that of the sun!
Their attractions on each other, therefore, are all very feeble,
compared with the presiding central power, and the effects of
then- disturbing forces are proportionally minute. In the
case of the secondaries, the chief agent by which their motions
ai-e deranged is the sun itself, whose mass is indeed great
but whose distiu-bing influence is immensely diminished by
then- near proximity to their primaries, compared to their
distances from the sun, which renders the 6,ifference of
attractions on both extremely smaU, compared to the whole
amount. In this case the greatest part of the sun's attraction,
VIZ. that which is common to both, is exerted to retain both
primary and secondary in their common orbit about itself
and prevent their parting company. Only the small overplus
ot force on one as compared with the other acts as a
disturbing power. The mean value of this overplus, in the
case of the moon disturbed by the sun, is calculated by
JNewton to amount to no higher a fraction than ^-^ of
gravity at the earth's surface, or of the princ\!If fo^ree
wlucfi retains the moon in its orbit.

(607.) From this extreme minuteness of the intensities
of the disturbing, compared to the principal forces, and the
consequent smallness of their momentary effects, it happens
that we can estimate each of these effects separately, as if
the others did not take place, without fear of inducing errorm our conclusions beyond the limits necessarily incident to ahrst approxmiation. It is a principle in mechanics, im-

Td tt m r^'^^^'"' P™'-^^^ ^-^^'-^^^^"^ forcesand the motions they produce, that when a munber of very
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minute forces act at once on a system, their joint effect is the

sum or aggregate of their separate effects, at least within

such limits, that the original relation of the parts of the

system shall not have been materiaUy changed by their

action. Such effects supervening on the greater movements

due to the action of the primary forces may be compared to

the small riplings caused by a thousand varying breezes on

the broad and regular swell of a deep and rolUng ocean,

wliich run on as if the sm-face were a plane, and cross m all

directions without interfering, each as if the other had no

existence. It is only when their effects become accumulated

in lapse of time, so as to alter the primary relations or data

of the system, that it becomes necessary to have especial

regard to the changes correspondingly introduced into the

estimation of their momentary efficiency, by which the rate

of the subsequent changes is affected, and periods or cycles

of hnmense length take their origm. From this consideration

arise some of the most curious theories of physical astronomy.

(608.) Hence it is evident, that in estimating the disturb-

ing mfluence of several bodies forming a system, in which

one has a remarkable preponderance over all the rest, we

need not embarrass ourselves with combinations of the dis-

turbing powers one among another, unless where immensely

lono- periods are concerned; such as consist of many hundi-eds

of revolutions of the bodies in question about then- common

center. So that, in effect, so far as we propose to go mto

its consideration, the problem of the investigation of the

pertm-bations of a system, however numerous, constituted as

om^s is, reduces itself to that of a system of tln-ee bodies: a

predominant central body, a disturbing, and a distm-bed
;
the

two latter of which may exchange denominations, accordmg

as the motions of the one or the other ai-e the subject of

enquiry.
, « , t t

(609.) Both the intensity and direction of the distm-bmg

force are continually varying, accordmg to the relative situ-

ation of the distm-bing and distm-bed body with respect to

the sun If the attraction of the disturbing body M, on the

central body S, and the distm'bed body P, (by which desig-
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nations, for brevity, we shall hereafter indicate them,) were
equal, and acted in parallel lines, whatever might otlierwise
be its law of variation, there would be no deviation caused
in the elliptic motion of P about S, or of each about the
other.

^

The case would be strictly that of art. 454. ; the
attraction of M, so circumstanced, being at every moment
exactly analogous in its effects to terrestrial gravity, which
acts in parallel lines, and is equally intense on aU bodies,
great and small. But this is not the case of nature. What-
ever is stated in the subsequent ai-ticle to that last cited, of
the distui'bing effect of the sun and moon, is, mutatis mu-
tandis, appHcable to every case of pertui'bation

; and it must
be now our business to enter, somewhat more in detail, into
the general heads of the subject there merely hinted at.

(610.) To obtain clear ideas of the manner in which the
disturbmg force produces its various effects, we must ascer-
tam at any given moment, and in any relative situations of
the three bodies, its direction and intensity as compared with
the gravitation of P towards S, in virtue of which latter force
alone P would describe an ellipse about S regarded as fixed,
or rather P and S about their common center of gravity in
virtue of their mutual gravitation to each other. In the
treatment of the problem of three bodies, it is convenient,
and tends to clearness of apprehension, to regard one of them
as fixed, and refer the motions of the others to it as to a rela
tive center. In the case of two planets disturbing each
others motions, the sun is naturally chosen as this fixed
center; but in that of satelHtes disturbing each other or
disturbed by the sun, the center of their prhnary is taken as
theu: pomt of reference, and the sun itself is regarded in the
hght of a very distant and massive satelHte revolving about
the primary m a relative orbit, equal and shnilar to thatWhich the pmnary describes absolutehj round the sun. Thus

fpitlfT""^''^
preserved, and when, re-

'T? Particular central body, we speak of an exterior

fonner 5.'?^'' ^^'^'^^^
^^^^^ ^^^^^ the

^^eory It is a principle m dynamics, that the
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relative motions of a system of bodies inter se are no way

altered by impressing on all of them a common motion or

motions, or a common force or forces acceleratmg or retard-

ing tbem all equally in common directions, I e. in parallel Imes.

Suppose, therefore, we apply to all the three bodies, S, P, and

M, aHke, forces equal to those with which M and P attract

S, but in opposite directions. Then will the relative motions

both of M and P about S be unaltered; but S, bemg now

ura-ed by equal and opposite forces to and from both M and

P°will remain at rest. Let us now consider how either oi

the other bodies, as P, stands affected by these newly-mtro-

duced forces, in addition to those which before acted on it.

It is clear that now P will be simultaneously acted on by

four forces ;
firstly, the attraction 0/ S in the direction P b;

secondly, an additional force, in the same direction, equal to

its attraction on S ;
thirdly, the attraction 0/M in the direc-

tion P M ; and fourthly, a force paraUel to M S, and equal

to M's attraction on S. Of these, the two first, following the

same law of the inverse square of the distance S 1
,
may be

regarded as one force, precisely as if the sum of the masses of

S°and P were collected in S; and in virtue of their jomt

action, P will describe an ellipse about S, except m so far as

that elliptic motion is disturbed by the other two forces.

Thus we see that in this view of the subject the relaUve^ dis-

turbing force acting on P is no longer the mere single

attractton of M, but a force resulting from tte^^-P^-^^^^f

that attraction with M's attraction on S transferred toP m a

t^C P A be part of the relative orbit of the dis-

turbed and MB of the disturbing body, thenr planes mter-

Sng in the line of nodes S A B, and having to each other

the indination expressed byf J^--^^ ^"^m S- M P^
M P, produced if required, take M N : M S M S •

M P .

Thpn if S M * be taken to represent, in quantity and durection,

Te accelerative attraction of M on S, M S will represent

on, A r w-.n be careful to observe the order of the letters, ^^erc forcM

a.e\e^r:;o:if;b7nnt^ M S represents a force acting f^on. M towards S. SM

from S towards M.
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in quantity and direction the new force applied to P, paraUel
to that line, and NM will represent on the same scale the
accelerative attraction of M on P. Consequently, the dis-
turbing force acting on P wUl be the resultant of two forces
apphed at P, represented respectively hy NM and MS

^hich by the laws of dynamics are equivalent to a sinde

jor Its point of application. ^

(6120 The line N S, is easily calculated by trigonometrv-hen the relative situations and real distances ofTSSare known; and the>.c. expressed by that line is direc Ivcomparable with the attractive forces of S on P by the fdowing proportions, in which M, S, represent the masses ofhose bo^es which are supposed to be known, and to Xhat equal distances, their attractions are proportional--
i3isturbing force : M's attraction on S :: N S • S M •

Ms attraction on S : S's attraction on M: - M • S-

'

bs attraction on M : S's attraction on P :: S P^ • S M^-by compounding which proportions we collect as follows • 1
S . S M3

"' on P :: M
.
N S

. S P^ :

restltlTf thir't'l '^^^^^S the

exemphfy its apphcation under very various circumstances
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throughout, the planetary system. In each case the numhers

set down express the proportion in which the central force

retaining the disturbed body in its elliptic orbit exceeds the

disturbing force, to the nearest whole number. The calcul^

tion is made for three positions of the disturbmg body-^
at its greatest, its least, and its mean distance from the dis-

Disturbing Body. Disturbed Body.

Ratio at tlie

greatest Dis-
tance : 1.

Ratio at the

mean Distance.

Ratio at the

least Distance.
:i.

The Sun
Jupiter -

Jupiter -

Venus -

Neptune
Mercury
Jupiter -

Saturn -

The Moon
Saturn -

The Earth

The Earth

Uranus -

Neptune
Ceres
Jupiter -

90
354

95683
255208
57420

845

6433
20248

179
312

147575
1 210245

56592
845

6937

1 21579

89
128

53268
26833
5519

1 845
1033

1
3065

f613 If the orbit of the dlstvu-bing body be circular, SM

is invariable. In this case, N S will continue to represent the

toMuc- force on the same invariable scale, whatever may

b^te configuration of the three bodies with respect to each

other If thTorbit of M be hut httle eUipt.c, the same wUl

be nearly the ease. In what follows throughout th.s chapte

except Jhere the contrary is expressly ment.oned. we shaU

neglect the excentricity

f
*^ ^-^^^^ ^^^^

If P be nearer to M than b is, i>.L i>i i» g

MP and N lies in MP prolonged, and therefore on the

fppokte side of the plane of P. orbit from
-J^f,^

is'Lated The force N S the^fc^ur
^^^^^^^^^

i-.1nTip and towards a point is., situaxeu ucl

trHne S M. If the distance M P be equal to M S as when
the line & ivi. x

. e M N is also equal to M P
P is situated, suppose, at D or i^, x>J- ^>

o -x- g

or M S, so that N coincides with P, and therefore X with S

, A I vl^^ncr forces beina- in these cases du-ected towards

the disturbing lorces ueiuj, x

^ .r, iv/r Q M TsT k
. 1 1 "Rnt if M P be greater than M b, M JN is^

MP and N between M and P, or on the sa,ne

f thrnlane of Fs orbit that M is situated on. The

te N S ttefore, apphed at P, urges P towards the con-

trary side of that plane towards a pomt >n the hne M S pro
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duced, SO that X now shifts to the farther side of S In «li
c^es the disturbing force is who% effective in the planeM I' b, in which the three bodies lie.

XL„ t ^ T'" """'"l""! force, since their re!coUeofon wiU preserve him from many mistakes in con-ce.™g the n>utual aetions of the planetsf&c. on eac^ oZFor example, m the figures here referred to. that ofArt 611co^esponds to the eaae of a nearer distibed by a moredistant body, as the earth by Jupiter, or the moon bvTeSun
;
and that of the present ^ticle to the converseTase

as, for mstance, of Mars disturbed by the earth. Now intbs latter class of cases, whenever M P is greater than M So SP greater than 2SM, N lies on the same side of theplane of F', orbit with M, so that N S, the distm-bing force

he dw' 1°;"^' ^'
•'^ -PP°-4 alwayf ^e:the disturbed planet out of the plane of its orbit towards tte~d ; planet™

rtuXd^rbit ; """""'"^ °f '"''"ti-'g

the oti a ufj^^rrT V p"^"-^) °f

point N he win P ,

' 1""°''

10150 Although ,t ,s necessary for obtahung in the first
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action of tte disturbing

instance a clear conceptxon of action
^

force, to consider it in tins way as a ^^g^^ *°
. ^

definite direction in space and a detenmnat^.
^T^^^on of

that dii-ection is continually --^y;-g ^^^^^ distance

K S, both with respect to the
J', impossible,

P M, and ^e ^-tion
^^^^^^^^^ ^

hy so considering it, to attain c
therefore

ieot after

-/J^tSS: H tf eWnt forces

becomes necessary to resolve

Tor « .1 >^o ... a^t., .

fixed directions in
T"' tLTeeXecti^s sepa-

estimating its effect m eacii

^^^^T -Ons is the mode

,.,ly. conclude ^eto^o ,omt *t.^

of p^ooetee Jtachjff^^^^^^
perturbations ,,ken fallen

tageous handle to the proD

J^ . „,„rtcd toby

,pinaUits generaUt^-<l -™
Tu'their profound re-

geometcrs »f
*\"°J"V„ther mode consists in resotang

searches on the subject ^^^^"^^ „„t, however, in

it also into toejectongular^wmpT^t ^ ^^^^^^
fixed directions, but m 7-^'"= ™l g 13 the direc-

„f the hues N Q, QI^' fp^Q^t^&ection perpendicular

tionof therad^svec
orSP, QLr^^

aud a taugent to P's

to it, and m .P''"'',
. W D in a direction perpen-

orbit at P both be;
-?^\^X'^^,, the instant movmg

dlcute to the plane
rtjo^s we may term

about S. The first of hese r^^^^ed^P
^^^^^

the radial component
jf^^^" transversah and the

radial astmrbing force; seco^^
^^^^^^^ <,„e of

third the orrt"*""" -

component acts nearly in the

small
excentricity,tbeti^nsve,sal

CO P
^^^^^^^^^^

direction of
^^^^^^'J^Zl component which we shall

eopfounded wrli tha re dv ^l^
^^^^

presently describe (art. bl5.;

till*
component of b
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force. Tliis is the mode of resolving the disturbing force
followed by Newton and his immediate successors.

(616.) The immediate actions of these components of the
disturbing force are evidently independent of each other,
being rectangular in their directions; and they affect the
movement of the distui'bed body in modes perfectly distinct
and characteristic. Thus, the radial component, being
directed to or from the central body, has no tendency to
distm-b either the plane of P's orbit, or the equable descrip-
tion of areas by P about S, since the law of ai'eas propor-
tional to the times is not a character of the force of gravity
only, but holds good equally, whatever be the force which
retains a body in an orbit, provided only its direction is always
towards a fixed center.* Inasmuch, however, as its law of
variation is not conformable to the simple law of gravity it
alters the elliptic form of P's orbit, by directly affecting both
Its curvature and velocity at every point. In virtue, there-
fore, of the action of this disturbing force, the orbit deviates
from the elliptic form by the approach or recess of P to or
from S, so that the effect of the perturbations produced by
this part of the disturbing force faHs whoUy on the radius
vector of the disturbed orbit.

(617.) The transversal distiu'bing force represented by
Q L, on the other hand, has no direct action to draw P to or
from S. Its whole efficiency is diixcted to accelerate or
retard P's motion in a direction at right angles to S P. ^ow
the area momentarily described by P about S, 'is,\cBteris
paribus, directly as the velocity ofP in a direction perpendicular
to^SP. Whatever force, therefore, increases this transverse
velocity of P, accelerates the description of areas, and vice
versa. With the area A S P is directly connected, by the
nature of the elHpse, the angle ASP described or to be
described by P from a fixed line in the plane of the orbit sothat any change in the rate of description of areas ultimatelv
reso ves Itself into a change in the amount of angular motiona^out b, and gives rise to a departui'e fr-om the eUiptic lawsHence anse what are caUed ,in the perturbational theory

* Newton, i. ].
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equations (i.e. changes or fluctnatlonB

an average qnantity) of the mean motion of the cUsturbed

^I'lS ) There is yet another mode of resolving the dis-

XgSto rLangnlar —nts^jl^^h, tho^h^^^

. w.lT -vflaiDted to the computation of results, m reaucin^

the components of the totu
^^^^ ^^^^

plane of the orb.t,
^ sector P S

™aial and transversal, e. » that
^ ^^^^^^^

.nd perpenicute t-''
J'»^

'^ ^ t„ the cnrve,

nearly so, this moae oi res
elliT)ticity is consider-

little from the former, but, wneu j ifll and trans-

.Me. these
^'tirSt ir A^Tt Newtonian mode

versal dkeotions to
^^^Jjf^^ ^ ^ ^hoUy

of resolution, the effect of
^ p the central

„pon the approach
^^^^^^^^^ description of

body S, and °f *<=
,Heh we are now con-

areas by P round S, so

'"JJ ,„t (the normal)

sidering, the direct effect of the one co P V
.^^

falls wholly on the c"™'™-^^ *Ln the normd force acts

action, increasing
l^ll^--:^::;^i:':.Ut. and diminish-

inwards, or towards the
^""''^c ^yj,, the other

i,g it when in ^^e opposite duectron ,

hand, the tangential e°7»f jlSTn/or dhninislung it

velocity of ^^^.^-^^^^^L^T^-^^^ or opposes its

according as .''
J^^t .^^^gjhat where the object is to

1 h t prS-ed by the disturbing force.
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of resolution must have the advantage in perspicuity of view
and applicability to calculation. It is less obvious, but will
abundantly appear in the sequel that the latter offers pe-
culiar advantages in exhibiting to the eye and the reason
the momentary influence of the disturbing force on the
elements of the orbit itself.

(619.) Neither of the last mentioned pairs of resolved por-
tions of the disturbing force tends to draw P out of the plane
of its orbit PSA. But the remaining or orthogonal por-
tion N Q acts directly and solely to produce that effect. In
consequence, under the influence of this force, P must quit
that plane, and (the same cause continuing in action) must
describe a curve of double curvature as it is called, no two
consecutive portions of which He in the same plane passing
through S. The effect of this is to produce a continual va-
riation in those elements of the orbit of P on which the
situation of its plane in space depends; i.e. on its inclination
to a fixed plane, and the position in such a plane of the node
or hne of its intersection therewith. As this, among aU the
various effects of perturbation, is that which is at once the
most shnple in its conception, and the easiest to follow
mto its remoter consequences, we shaU begin with its ex-
planation.

(620.) Suppose that up to P (Art. 611. 614.) the body
were describing an undisturbed orbit CP. Then at P it
would be moving in the direction of a tangent P E to the
eUipse P A, which prolonged wiU intersect the plane of M's
orbit somewhere in the line of nodes, as at E. N'ow, at P,
let the disturbing force paraUel to N Q act momentarUy on
P; then P wiU be deflected in the direction of that force, and
instead of the arc 'P p, which it would have described in the
next instant if undisturbed, wiU describe the arc P q lying in
the state of things represented in Art. 6 1 1. below, and in Art.
614. above, Vp with reference to the plane PSA. Thus,
by this action of the disturbing force, the plane of P's orbit
will have shifted its position in space from P Sjt? (an elementarv
portion of the old orbit) to P S ^, one of the new. Now the
line 01 nodes S A B in the former is determined by prolonging
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-Pp into the tangent P E, intersecting the plane M S B in R,

and joining S R. And in like manner, if we prolong P q into

the tangent P r, meeting the same plane in r, and join S r,

this will be the new line ofnodes. Thus we see that, under the

ch-cumstances expressed in the former figure, the momentary

action of the orthogonal disturbing force will have caused the

Une of nodes to retrograde upon the plane of the orbit of the

disturbing body, and under those represented in the latter

to advance. And it is evident that the action of the other

resolved portions of the disturbing force wiU not in the least

interfere with this result, for neither of them tends either to

carry P out of its former plane of motion, or to prevent its

quitting it. Their influence would merely go to transfer the

points of intersection of the tangents Pp or P ? from R or r

to W or r', points nearer to or farther from S than R r, but

in the same lines.

(621.) Supposing, now, M to lie to the left instead of the

rio-ht side of the line of nodes in fig. 1., P retaining its situation,

andM P being less than M S, so that X shall stiU lie between

M and S. In this situation of things (or configuration, as it is

termed of the three bodies with respect to each other), N wiU

lie below the plane ASP, and the disturbing force will tend

to raise the body P above the plane, the resolved orthogonal

portion N Q in this case acting upwards. The disturbed arc

P q will therefore lie above P p, and when prolonged to meet

the plane MSB, will intersect it in a point in advance of R

;

so that in this configuration the node will advance upon the

plane of the orbit of M, provided always that the latter orbit

remains fixed, or, at least, does not itself shift its position

in such a direction as to defeat this result.

(622.) GeneraUy speaking, the node of the distui'bed orbit

wiU recede upon any plane which we may consider as fixed,

whenever the action of the orthogonal disturbing force tends

to bring the distiu:bed body nearer to that plane
;
and vice

versd This will be evident on a mere inspection of the

annexed figure, in which C A represents a semicircle of the

nroiection of the fixed plane as seen from S on the sphere of

the heavens, and C P A that of the plane of P's undisturbed
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orbit, the motion of P being in the direction of the arrow,

from C the ascending, to A the descending node. It is at

G ?'

once seen, by prolonging V q, V q' into arcs of great

circles, P r, P r', (forwards or backwards, as the case may
be) to meet C A, that the node will have retrograded

through the arc A r, or C r, whenever P q lies between

CPA and C A, or when the perturbing force carries P
towards the fixed plane, but will have advanced through A r'

or C r' when P q' lies above CPA, or when the disturbing

impulse has lifted P above its old orbit or away from the

fixed plane, and this without any reference to whether the un-

disturbed orbitual motion of V at the moment is carrying it

towards the plane C A or from it, as in the two cases

represented in the figure.

(623.) Let us now consider the mutual disturbance of two

bodies M and P, in the various configurations in which they

may be presented to each other and to their common central

body. And first, let us take the case, as the simplest, where

the disturbed orbit is exterior to that of the disturbing body

(as in fig. art. 614.), and the distance between the orbits

greater than the semiaxis of the smaller. First, let both

planets lie on the same side of the Hue of nodes. Then (as

in art. 620.) the direction of the whole disturbing force, and

therefore also that of its orthogonal component, will be towards

the opposite side of the plane of P's orbit from that on which
M lies. Its effect therefore will be, to draw P out of its plane

in a direction/rom the plane of M's orbit, so that in this state

of things the node wiU advance on the latter plane, however
P and M may be situated in these semicircumferences of their

respective orbits. Suppose, next, M transferred to the
opposite side of the line of nodes, then will the direction of
its action on P, with respect to the plane of P's orbit, be
reversed, and P in quitting that plane will now approach to
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instead of recedmg from the plane of M's orbit, a> that its

node will now recede on that plane.
, . ^,

(624.) Thus, while M and P revolve about S, and m the

course of many revolutions of each are presented to each

other and to S in all possible configurations, the node of P s

OA t will always advance on M's when both bodies are^Z same side of the line of nodes, and recede when on the

ntoTe They will therefore, on an average, advance and

STteing e^ual times (supposing the orbits nearly

cteuL). And, therefore, if their advance were at each

^a^ of its duration equally rapid with their recess at each

coXondiug instant during that phase of the movement, they

would merely oscillate - aud fro^out^^^^^^^^ po^t^

without any every position

is not tlie case, ihe rapioity oi
advance in

favourable to recess is greater t^^-^^^^f this, let us

the corresponding opposite position

consider any two .config— ^^^^ P S m! P S M
diametrically opposite,

-^f/^^; Xtion to Fs orbit,

shall lie in one plane, having any
^

according to the situation of i- r

''tJ U tI then, if the orbits be nearly circks, and

•^ M'S ir'M' will be less than MN; and

therefore MS=M b, ^ iVi

pN' : PM'
^ / • ^« PM' is m*eater than i iu;

therefore (since r iM if o
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in a greater ratio than P N : PM ; and consequently, by-

similar triangles, drawing Nw, N'ra' perpendicular to PS,

N' n' '. M' m' in a greater ratio tlian Nn : M wz, and

therefore N'n' is greater than N Now the plane

PMM' intersects P's orbit in PS, and being inclined to

that orbit at the same angle through its whole extent, if from

N and N'perpendiculars be conceived let fall on that orbit,

these will be to each other in the proportion of N w, n' ;

and therefore the perpendicular from W will be greater than

that from N. Now since by art. 611. N ' S and N S repre-

sent in quantity and direction the total disturbing forces of

M' and M on P respectively, therefore these pei-pendicvJars

express (art. 615.) the orthogonal disturbing forces, the

former of which tends (as above shown) to make the nodes

recede, and the latter to advance ; and therefore the prepon-

derance in every such pair of situations of M is in favour of

a retrograde motion.

(625.) Let us next consider the case where the distance

between the orbits is less than the semiaxis of the interior,

or in which the least distance of M from P is less than M S.

Take any situation of P with respect to the line of nodes

A C. Then two points d and e, distant by less than 120°,

can be taken on the orbit of M equidistant from P with S.

Suppose M to occupy successively every possible situation in

its orbit, P retaining its place ; — then, if it were not for the

existence of the arc d e, in which the relations of art. 624. are

reversed, it would appear by the reasoning of that article

that the motion of the node is direct when M occupies any
part of the semiorbit F M B, and retrograde when it is in

the opposite, but that the retrograde motion on the whole
would predominate. Much more then will it predominate
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when there exists an arc dM-e within which if M be placed,

its action will produce a retrograde instead of a direct motion.

(626.) This supposes that the arc de lies wholly in the

semicircle FtZB. But suppose it to lie, as in the annexed

figure, partly within and partly without that circle. The

greater part c?B necessarily lies within it, and not only so,

but within that portion, the

point of M's orbit nearest to

P, in which, therefore, the

retrograding force has its

maximum, is situated. Al-

though, therefore, in the por-

tion B e, it is true, the retrograde tendency otherwise general

over the whole of that semicircle (Art. 624.) will be re-

versed, yet the effect of this will be much more than coun-

terbalanced by the more energetic and more prolonged re-

trograde action over dB ;
and, therefore, in this case also,

on the average of every possible situation of M, the motion

of the node will be retrograde.

(627.) Let us lastly consider an interior planet disturbed by

an exterior. Take M D and M E (fig. of art. 611.) each equal

to MS. Then first, when P is between D and the node A,

being nearer than S to M, the disturbing force acts towards

M's orbit on the side on which M Hes, and the node recedes. It

also recedes when (M retainmg the same situation) P is m
any part of the arc E C from E to the other node, because in

that situation the direction of the disturbing force, it is true,

is reversed, but that portion of P's orbit being also reversely

situated with respect to the plane of M's, P is stiU urged

towards the latter plane, but on the side opposite to M.

Thus, (M holding its place) whenever P is anywhere m
D A or E C, the node recedes. On the other hand, it

advances whenever P is between A and E or between

C and D, because, in these arcs, only one of the two deter-

mining elements (viz. the direction of the disturbing force

with respect to the plane of P's orbit ; and the situation of

the one plane with respect to the other as to above and below)

has undercrone reversal. Now first, whenever M is anywhere
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but in tlie line of nodes, the sum of the arcs D A and E C
exceeds a, semicirclej and that the more, the nearer M is to

a position- at right angles to the line of nodes. Secondly,

the arcs favourable to the recess of the node comprehend those

situations in which the orthogonal disturbing force is most

powerful, and vice versa. This is evident, because as P
approaches D or E, this component decreases, and vanishes

at those points (612.). The movement of the node itself

also vanishes when P comes to the node, for although in this

position the disturbing orthogonal force neither vanishes nor

changes its direction, yet, since at the instant of P's passing

the node (A) the recess of the node is changed into an

advance, it must necessarily at that point be stationary.*

Owing to both these causes, therefore, (that the node recedes

dming a longer time than it advances, and that a more

energetic force acting in its recess causes it to recede more

rapidly,) the retrograde motion wiU preponderate on the

whole in each complete synodic revolution of P. And it is

evident that the reasoning of this and the foregoing articles,

is no way vitiated by a moderate amount of excentricity in

either orbit.

(628.) It is therefore a general proposition, that on the

average of each complete synodic revolution, the node of

every disturbed planet recedes upon the orbit of the disturb-

ing one, or in other words, that in every pair of orbits, the

• It would seem, at first sight, as if a change per saltum took place here, but
the continuity of the node's motion will be apparent from an inspection of the
annexed figure, where bad\s a portion of P's disturbed path near the node A,

concave towards the plane G A. The momentary place of the moving node is
determined by the intersection of the tangent 6 e with A G, which as b passes
through a to d, recedes from A to a, rests there for an instant, and then advances
again.



430 OUTLINES OP ASTRONOMY.

node of each recedes upon the other, and of course upon any

intermediate plane which we may regard as fixed. On a

plane not intermediate between them,
however, the node of one

orbit wiU advance, and that of the other will recede. Suppose

for instance, C A C to be a plane mtermediate between i f

and M M the two orbits. If and m m be the new

positions of the orbits, the node of P on M wiU have receded

from A to 5, that of M on P from A to 4, that of P and M

on C 0 respectively from A to 1 and from A to 2^
But af

F A F be a plane not intermediate, the node of M on tha

plane has receded from A to 6, but that of P wdl have

advanced from A to 7. If the fixed plane have not a common

^nter action with those of both orbits, it is equaHy e-y to

see thatthe node of the disturbed orb.t may -ther recede on

both that plane and the distm-bing orbit or advance on the

one andWe on the other, according to the relative situation

""'^l^tTUs is the case with the planetaay orbits^ They

do not all intersect each other in a common node. Although

perfectly true, therefore, that the node of any one planet

would recede on the orbit of any and each other by the m-

J^afactn ofthatother, yet, when all act together recess

on one plane may be equivalent to advance on another, som motion of the node of any one orhit on a g-n Pla-'

"from their jointact^^^^

V V L of all the planes, becomes a curiously comphcated

pr— *se 'law cannot be very easily expressed m
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wor(is, tlioiigh reducible to strict numerical statement, being'j

in fact, a mere geometrical result of what is above shown.

(630.) The nodes of all the planetary orbits on the true

ecliptic, as a matter of fact, are retrograde, though they are

not all so on a fixed plane, such as we may conceive to exist

in the planetary system, and to be a plane of reference

unaffected by their miitual disturbances. It is, however, to

the echptic, that we are under the necessity of referring

their movements from our station in the system ; and if we

would transfer our ideas to a fixed plane, it becomes necessary

to take account of the variation of the ecliptic itself, produced

by the joint action of all the planets.

(631.) Owing to the smallness of the masses of the planets,

and their great distances from each other, the revolutions of

their nodes are excessively slow, being in every case less

than a single degree per century, and in most cases not

amounting to half that quantity. It is otherwise with the

moon, and that owing to two distinct reasons. First, that

the distru'bing force itself arising from the sun's action, (as

appears from the table given in art. 612.) bears a much
larger proportion to the earth's central attraction on the

moon than in the case of any planet disturbed by any other.

And secondly, because the synodic revolution of the moon,

within which the average is struck, (and always on the side

of recess) is only 29i days, a period much shorter than that

of any of the planets, and vastly so than that of several

among them. All this is agreeable to what has already been

stated (art. 407, 408.) respecting the motion of the moon's

nodes, and it is hardly necessary to mention that, when cal-

culated, as it has been, a priori from an exact estimation

of aU. the acting forces, the result is found to coincide with

perfect precision with that immediately derived from obser-

vation, so that not a doubt can subsist as to this being the

real process by which so remarkable an effect is produced.

(632.) So far as the physical condition of each planet is

concerned, it is evident that the position of their nodes can
be of little importance. It is otherwise with the mutual
mclinations of their orbits with respect to each other, and to
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the equator of each. A variation in the position of the

ecliptic, for mstance, by which its pole should shaft its distance

from the pole of the equator, would disturb our seasons.

Should the plane of the earth's orbit, for instance, ever be so

changed as to bring the ecliptic to coincide with the equator,

we should have perpetual spring over all the world- and, on

the other hand, should it coincide with a meridian, the

extremes of smmner and winter would become mtolerable.

The enquiry, then, of the variations of inchnation of the

planetary orbits inter se, is one of much higher practical

interest than those of their nodes.

(633.) Referring to the figures of art. 610. et seq., it is

evident that the plane SP in which the disturbed body

nioves during an instant of time from its quittmg P,

Srently inclined to the orbit of M, or to a fixed plane,

? he original or undisturbed plane P S The ^erence

of absolute position of these two planes m space is the angle

l?e between the planes ^ ^^^^ l'::^:iZ
calculable by spherical trigonometry, when the angle Rb;

or te mom'enlry recess of the node is known, and also

tL inclination of the planes of the orbits o each other

We perceive, then, that between the momentaiy change of

^cWion, ^nd the momentary recess of tbe nod there

exists an intimate relation, and that the research pf the one

s ^ fact bound up in that of the other. Tins may be

perhaps, made clearer, by considering the orbit of P o be

Tot merely an imagmary line, but an actual cucle or eUiptic

h::;:^sie j^^^ t:^:rz
me position u

nlane to which it IS referred,

by its inclination to the ground p ane to

and by the place of its intersection therewith, or node I

wm also be determined by the momentaiy direction of P s

t^^^^ a shifting, bodny, of the whole
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pointed out above, is that where the orbits, as in the case of

the planetary system and the moon, are slightly inchned to

one another, the momentary variations of the inclination are

of an order much inferior in magnitude to those in the place

of the node. This is evident on a mere inspection of our

figure, the angle R P r being, by reason of the small in-

clination of the planes S P R and R S r, necessarily much

smaller than the angle R S r. In proportion as the planes

of the orbits are brought to coincidence, a very trifling

angular movement of P p about P S as an axis will make a

great variation in the situation of the point r, where its

prolongation intersects the ground plane,

(635.) Referring to the figm-e of art. 622., we perceive

that although the motion of the node is retrograde whenever

the momentary disturbed arc P Q lies between the planes

C A and C G A of the two orbits, and vice versa, indiflTerently

whether P be in the act of receding from the plane C A, as

in the quadrant C G, or of approaching to it, as in G A, yet

the same identity as to the character of the change does not

subsist in respect of the inclination. The inclination of the

disturbed orbit (i. e. of its momentary element) P q or 'Pq',

is measured by the spherical angle P r H or P H. Now
in the quadrant C G, P r H is less, and P r' H greater than

P C H ; but in G A, the converse. Hence this rule :
—

1st., If the disturbing force urge P towards the plane of

M's orbit, and the undisturbed motion of P carry it also

towards that plane ; and 2dly, if the disturbing force urge

P from that plane, while P's undisturbed motion also carries

it from it, in either case the inclination momentarily in-

creases ; but if, 3dly, the disturbing force act to, and P's

motion carry it from—or if the force act from, and the

motion carry it to, that plane, the inclination momentarily

diminishes. Or (including all the cases under one alternative)

if the action of the disturbino; force and the undisturbed

motion of P with reference to the plane of M's orbit be of

the same character, the inclination increases ; if of contrary

characters, it diminishes.

r636.) To pass from the momentary changes wliich take



4S4 OUTLINES or ASTROMOMY.

place in the relations of nature to the accumulated effects

produced in considerable lapses of time by the continued

action of the same causes, under chcumstances varied by

these very effects, is the business of the integral calculus.

Without going into any calculations, however, it wiU be

easy for us to demonstrate from the principles above laid

down, the leading features of this part of the planetary

theory, viz. the periodic nature of the change ofthemchna-

tions of two orbits to each other, the re-estabhshment of

their original values, and the consequent osciUation of each

plane about a certain mean position. As in explaining the

motion of the nodes, we will commence, as the shnplest case,

with that of an exterior planet disturbed by an mterior one

at less than half its distance from the central body. Let

AC A' be the great circle of the heavens mto which Ms

orbit seen from S is projected, extended into a straight line,

and AgChA' the corresponding projection of the orbit

of P so seen. Let M occupy some fixed situation, suppose

in the semicircle A C, and let P describe a complete revolu-

tion from A thx'ough gChto A'. Then while it is between

A and a or in its first quadrant, its motion is from the plane

of M's orbit, and at the same time the orthogonal force aets

from that plane: the inclination, therefore, (art. 63o
)

in-

creases. In the second quadrant the motion of P is o, but

ZZce continues to act from, the plane, and tl^e

aaain decreases. A similar alternation takes place m its

course through the quadrants C h and k A. Thus the plane

P's orbit oscillates to and fro about its mean1-"-
in each revolution of P. During this process if M held a

fixed ion at G, the forces being symmetrically ahke on

Sdt the extent of these osciUations would be exactly

equi . and the inclination at the end of one revolution of P
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would revei-t precisely to its original valuo. But if M be

elsewhercj this will not be the case, and in a single revolution

of Pj only a partial compensation will be operated, and an

overplus on the side, suppose of diminution, will remain out-

standing. But when M comes to M', a point equidistant

from G on the other side, this effect will be precisely reversed

(supposing the orbits circular). On the average of both

situations, therefore, the elFect will be the same as if M were

divided into two equal portions, one placed at M and the

other at M', which will annihilate the preponderance in

question and effect a perfect restoration. And on an average

of all possible situations of M, the effect will in like manner

be the same as if its mass were distributed over the whole

circumference of its orbit, forming a ring, each portion of

which will exactly destroy the effect of that similarly situated

on the opposite side of the line of nodes.

(637.) The reasoning is precisely similar for the more

complicated cases of arts. (625.) and (627.). Suppose that

owing either to the proximity of the two orbits, (in the case

of an exterior disturbed planet) or to the distm-bed orbit

being interior to the distm'bing one, there were a larger or

less portion, d e, of P's orbit in which these relations were

reversed. Let M be the position of M' corresponding to

d e, then taking G M'= G M, there will be a similar portion

d' e' bearing precisely the same reversed relation to M', and

therefore, the actions of M' M, will equally neutralize each

other in this as in the former state of things.

(638.) To operate a complete and rigorous compensation,

however, it is necessary that M should be presented to P ip.

every possible configuration, not only with respect to P itself,

but to the line of nodes, to the position of which line the

whole reasoning bears reference. In the case of the moon for

example, the disturbed body (the moon) revolves in 27'**322,

the disturbing (the sun) in 365'^-256, and the line of nodes

in 6793'*-391, numbers in proportion to each other about aa

1 to 13 and 249 respectively. Now in 13 revolutions of P,
and one of M, if the node remained fixed, P would have
been presented to M so nearly in every configuration as to
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0]ierate an almost exact compensation. But in 1 revolution

of M, or 13 of P, the node itself has shifted o'-i^ or about yV

of a revolution, in a direction opposite to the revolutions of

M and P, so that although P has been brought back to the

same configuration with respect to M, both are ^

revolution in advance of the same configuration as respects

the node. The compensation, therefore, will not be exact,

and to make it . so, this process must be gone thi-ough 19

times, at the end of wliich both the bodies will be restored

to the same relative position, not only with respect to each

other, but to the node. The fractional parts of entu-e

revolutions, which in this explanation have been neglected,

are evidently no farther influential than as rendermg the

compensation thus operated in a revolution of the node

slightly inexact, and thus giving rise to a compound period

of greater duration, at the end of which a compensation ahnost

mathematically rigorous, will have been effected.

(639.) It is clear then, that if the orbits be cu'cles, the

lapse of a very moderate number of revolutions of the bodies

will very nearly, and that of a revolution of the node ahnost

exactly, bring about a perfect restoration of the inchnations.

If however, we suppose the orbits excentric, it is no less

CAddent, owmg to the want of symmetry in the distribution

of the forces, that a perfect compensation wiU not be effected

either in one or in any number of revolutions of P and M,

independent of the motion of the node itself, as there will

always be some configuration more favourable to either an

increase of incHnation than its opposite is unfavom-ab e.

Thus will arise a change of inclination which, were the

nodes and apsides of the orbits fixed, would be always pro-

gressive in one dii-ection until the planes were brought to

coincidence. But, 1st, half a revolution of the nodes would of

itself reverse the direction of tliis progression by makmg the

position in question favour the opposite movement of m-

cHnation; and, 2dly, the planetary apsides are themselves

in motion with unequal velocities, and thus the configuration

whose influence destroys the balance, is, itself, al^^^ys

Sng its place on the orbits. The variations of mclmation
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dependent on the excentrlcities are therefore, like those

independent of them, periodical, and being, moreover, of an

order more minute (by reason of the smallness of the

excentricities) than the latter, it is evident that the total

variation of the planetary inclinations must fluctuate within

very narrow limits. Geometers have accordingly demon-

strated by an accurate analysis of all the circumstances, and

an exact estimation of the acting forces, that such is the case

;

and this is what is meant by asserting the stability of the

planetary system as to the mutual inclinations of its orbits.

By the researches of Lagrange (of whose analytical conduct

it is impossible here to give any idea), the following elegant

theorem has been demonstrated :
—

"If the mass of every planet he multiplied hy the square root

of the major axis of its orbit, and the product by the square

of the tangent of its inclination to a fixed plane, the sum of all

these products loill be constantly the same under the influence of

their mutual attraction^'' If the present situation of the plane

of the ecliptic be taken for that fixed plane (the ecliptic itself

being variable hke the other orbits), it is found that this sum is

actually very small: it must, therefore, always remain so. This

remarkable theorem alone, then, would guarantee the stability

of the orbits of the greater planets ; but-from what has above

been shown of the tendency of each planet to work out a

compensation on every other, it is evident that the minor

ones are not excluded from this beneficial arrangement.

(640.) Meanwhile, there is no doubt that the plane of the

ecliptic does actually vary by the actions of the planets.

The amount of this variation is about 48'' per century, and
has long been recognized by astronomers, by an increase

of the latitudes of all the stars in certain situations, and their

diminution in the opposite regions. Its effect is to bring the

ecliptic by so much per annum nearer to coincidence with
the eqtiator; but from what we have above seen, this

diminution of the obliquity of the ecliptic will not go on
beyond certain very moderate limits, after which (although
m an immense period of ages, being a compound cycle
resulting from the joint action of all the planets,) it wiU
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acram increase, and tlius osciUate backward and forward about

a mean position, the extent of its deviation to one side and

the other being less than 1° 21'.

(641.) One effect of this variation of the plane of the

ecliptic— that which causes its nodes on a fixed plane to

chano-e,— is mixed up with the precession of the equinoxes,

and indistinguishable from it, except in theory. This last-

mentioned phsenomenon is, however, due to another cause,

anala-ous, it is true, in a general point of view, to those above

considered, but singularly modified by the circumstances

under which it is produced. We shall endeavour to render

these modifications intelligible, as far as they can be made so

without the intervention of analytical formulae.

(642 ) The precession of the equinoxes, as we have shown

in art 312., consists in a continual retrogradation of the node

of the earth's equator on the ecliptic ;
and is, therefore,

obviously an effect so far analogous to the general
phe-

nomenon of the retrogradation of the nodes of the orbits

on each other. The humense distance of the planets,

however, compared with the size of the earth, and the

smallness of then- masses compared to that of the sun, puts

their action out of the question in the enquiry of its cause

and we must, therefore, look to the massive though distant

sun, and to our near though minute neighbour, the moon, for its

explanation. This wiU, accordingly, be found m then- dis-

turbing action on the redundant matter accumulated on the

equator of the earth, by which its figui^e is rendered spheroida^

combined with the earth's rotation on its axis. It ^s to tlie

sagacity of Newton that we owe the discoveiy of this singular

mode of action.
_ ^^^^^

(643.) Suppose m our hgure (^ait. uii.;
_

one body, P revolving round S, there were a succession of

rticles not coherent,\ut forming a kind of fluid ring, free

rchanrits form by any force applied. Then, while tins

!L Evolved round s'in lis own plane, under the distm-bing

influence of the distant body M, (which now represents he
influence o

^^^^ ^^.^^^^^^ ^1^^

r:h's eq"two things would happen: 1st, its figure
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would be bent out of a plane into an undulated form, those

parts of it within the arcs D A and E C being rendered more
inclined to the plane of M's orbit, and those within the arcs

A E, CD, less so than they would otherwise be
; 2dly,

the nodes of this ring, regarded as a whole, without re-

spect to its change of figure, would retreat upon that

plane.

(644.) But suppose this ring, instead ofconsisting of discrete

molecules free to move independently, to be rigid and
incapable of such flexure, like the hoop we have supposed in

art. 633., but having inertia, then it is evident that the effort

of those parts of it which tend to become more inclined will

act tlurough the medium of the ring itself (as a mechanical
engine or lever) to counteract the effort of those which have at

the same instant a contrary tendency. In so far only, then, as

there exists an excess on the one or the other side will

the inclination change, an average being struck at every
moment of the ring's motion

; just as was shown to happen
in the view we have taken of the inclinations, in every com-
plete revolution of a single disturbed body, under the influ-

ence of a fixed disturbing one.

(645.) Meanwhile, however, the nodes of the rigid ring

will retrograde, the general or average tendency of the nodes
of every molecule being to do so. Here, as in the other case

a struggle will take place by the cotmteracting efforts of the
molecules contrarily disposed, propagated through the solid

substance of the ring ; and thus at every instant of time, an
average will be struck, which being identical in its nature
with that effected in the complete revolution of a single

disturbed body, will, in every case, be in favour of a recess
of the node, save only when the disturbing body, be it sun
or moon, is situated in the plane of the earth's equator.

(646.) This reasoning is evidently independent of any
consideration of the cause which maintains the rotation of the
ring; whether the particles be small satellites retained in
circular orbits under the equilibrated action of attractive and
centrifrugal forces, or whether they be small masses conceived
as attached to a set of imaginary spokes, as of a wheel.
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centering in S, and free only to shift their planes by a mo-

tion of those spokes perpendicular to the plane of the wheel.

This makes no difference in the general effect ;
though the

different velocities of rotation, which may be impressed on

such a system, may and wHl have a very great influence both

on the absolute and relative magnitudes of the two effects in

question— the motion of the nodes and change of inchnation.

This will be easily understood, if we suppose the ring without

a rotatory motion, in which extreme case it is obvious that so

long as M remaitied fixed there would take place no recess

of nodes at all, but only a tendency of the rmg to tilt its plane

round a diameter perpendicular to the position of M, biinging

it towards the line S M.

(647.) The motion of such a ring, then, as we have been

considering, would imitate, so far as the recess of the nodes

o-oes, the precession of the equinoxes, only that its nodes would

retroo-rade far more rapidlythanthe observed precession, which

is excessively slow. But now conceive this ring to be loaded

with a spherical mass enormously heavier than itself, placed

concentrically within it, and cohering firmly to it, but m-

different, or very nearly so, to any such cause of motion; and

suppose, moreover, that instead of one such ring there are a

vast multitude heaped together around the equator of such

a o-lobe, so as to form an elliptical protuberance, envelopmg

it Eke a shell on all sides, but whose mass, taken together,

should foi-m but a very minute fraction of the whole spheroid.

We have now before us a tolerable representation of the case

of nature* ; and it is evident that the lings, having to drag

round with them in their nodal revolution this great inert

* Th.t a nerfect sphere ^vould be so inert and indifferent as to a revolution
* llmt a perfect sP"^^'=

influence of a distant attracting body appears

of the nodes of Its equator unde. the
^^^^^.^^ ^^^^^ ^

from this, -that the direction °f
^^,-,,.3 destroy its whole action,

that single force which, opi-sed, would neutrj^^^ ze y
^^^^^^^^^

is necessarily P»
^^f tt sP^ere one way or other."^ It may be objected

can have no tendency to m^^^^^^ --"-d as consisting of rings

'n^ tSts^nuato of every possible diameter, and that, therefore, its nodes

parallel to its equawr "
ui,out a nrotuherant equator. The inference is incorrect,

should -t-f ;;;^:Jtw us' to gri an exposition of the fallacy. We
but our limits

"fj °^ Generally, that no dynamical subject is open to

ltt?Ss";fr k\trv'ich nothing but thl closest attention, m ever.

varied point of view, will detect.
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mass, will have their velocity of retrogradation proportionally-

diminished. Thus, then, it is easy to conceive how a motion

similar to the precession of the equinoxes, and, like it,

characterized by extreme slowness, will arise from the causes

in action. It may seem at first sight paradoxical that the

whole effect of the external attraction should terminate in the

production of such a movement, without producing any

change in the inclination of the equator to the ecliptic. But
a due consideration of the reasoning in arts. 636, 637. will

make it evident that for every particle in the revolving ring,

(in every situation of the disturbing body) whose change of

motion would tend to create a change of inclination in one

direction, there exists another, exercising an equal tendency

of an opposite kind.

(648.) Now a recess of the node of the earth's equator,

upon a given plane, corresponds to a conical motion of its axis

round a perpendicular to that plane. But in the case before

us, that plane is not the ecliptic, but the moon's orbit for the

time being ; and it may be asked how we are to reconcile this

with what is stated in art. 317. respecting the nature of the

motion in question. To this we reply, that the nodes of the

lunar orbit, being in a state of continual and rapid retrograda-

tion, while its inclination is preserved

nearly invariable, the point in the sphere

of the heavens round which the pole of

the earth's equator revolves (with that

extreme slowness characteristic of the

precession) is itself in a state of con-

tinual circulation round the pole of the

ecliptic, with that much more rapid mo-

tion which belongs to the lunar node.

A glance at the annexed figure will ex-

plain this better than words. P is the
pole of the ecliptic, A the pole of the moon's orbit, moving
round the small circle A B C D in 19 years ; a the pole of
the earth's equator, which at each moment of its progress
has a direction perpendicular to the varying position of the
line A a, and a velociti/ depending on the varying intensity



442 OUTLINES OF ASTEONOMT.

of tlie acting causes during the period of the nodes. This

velocity however being extremely small, when A comes to

B, C, D, E, the line A a will have taken up the positions

B b,C c,!) d,'E e, and the earth's pole a will thus, in one

tropical revolution of the node, have arrived at e, having

described not an exactly circular arc a e, but a single undu-

lation of a wave-shape or epicycloidal curve, ah cde, with

a velocity alternately greater and less than its mean motion,

and this will be repeated in every succeeding revolution of

the node.

(649.) Now this is precisely the kind of motion which, as

we have seen in art. 325., the pole of the earth's equator

really has round the pole of the ecliptic, in consequence of the

joint elFects of precession and nutation, which are thus

uranographically represented. If we superadd to the effect

of lunar precession that of the solar, which alone would cause

the pole to describe a circle uniformly about P, this will

only affect the undulations of our waved curve, by extendmg

them in length, but will produce no effect on the depth

of the waves, or the excursions of the earth's axis to and from

the pole of the ecliptic. Thus we see that the two phenomena

of nutation and precession are intimately connected, or rather

both of them essential constituent parts of one and the same

phajnomenon. It is hardly necessary to state that a rigorous

analysis of this great problem, by an exact estimation of aU

the acting forces and summation of their dynamical eflects,

leads to the precise value of the coefficients of precession

and nutation, which observation assigns to them. The soiar

and lunar portions of the precession of the equinoxes that is

to say, those portions which are uniform, are to each other

in the proportion of about 2 to 5.

(650.) In the nutation of the earth's axis we have an ex-

ample (the first of its kind which has occurred to us) of a

periodical movement in one part of the system, giving rise to

a motion having the same precise period m another. Ihe

motion of the moon's nodes is here, we see, represented,

though under a very different form, yet in the same exact

periodic time, by a movement of a peculiar osciUatory kind
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impressed ou the solid mass of the earth. We must not let

the oppoi'tunity pass of generalizing the principle involved in

this result, as it is one which we shall find again and again

exemjDlified in every part of physical astronomy, nay, in every

department of natural science. It may be stated as " the

principle of forced oscillations, or of forced vibrations," and

thus generally announced :
—

If one part of any system connected either hy material ties, or

hy the mutual attractions of its members, he continually main-

tained hy any cause, whether inherent in the constitution of the

system or external to it, in a state of regular periodic motion,

that motion loill he propagated throughout the whole system

and will give rise, in every member of it, and in every part of

each member, to periodic movements executed in equal period,

with that to which they owe their origin, though not necessarily

synchronous with them in tlieir maxima and minima. *

The system may be favourably or unfavourably constituted

for such a transfer of periodic movements, or favourably in

some of its parts and unfavourably in others ; and accordingly

as it is the one or the other, the derivative oscillation (as it

may be termed) will be imperceptible in one case, of appre-

tiable magnitude in another, and even more perceptible in its

visible elfects than the original cause in a third ; of this last

kind we have an instance in the moon's acceleration, to be

hereafter noticed.

(651.) It so happens that our situation on the earth, and

the delicacy which our observations have attained, enable us

to make it as it were an instrument to feel these forced

vibrations,— these derivative motions, communicated from

various quarters, especially from our near neighbour, the

moon, much in the same way as we detect, by the trembling

of a board beneath us, the secret transfer of motion by whicli

the sound of an organ pipe is dispersed through the air, and

carried down into the earth. Accordingly, the monthly re-

• SeG a demonstration of this theorem for the forced vibrations of system,
connected by material ties of imperfect elasticity, in my treatise on Sound,
Encyc. Metrop. art. 323. The demonstration is easily extended and generalized
to take in other systems.
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volution of the moon, and the annual motion of the sun,

produce, each of them, small nutations in the earth's axis,

whose periods are respectively half a month and half a year,

each of which, in this view of the subject, is to be regarded

as one portion of a period consisting of two equal and similar

parts. But the most remarkable instance, by far, of this

propagation of periods, and one of high importance to man-

kind, is that of the tides, which are forced oscillations, excited

by the rotation of the earth in an ocean disturbed from its

figure by the varying attractions of the sun and moon, each

revolving in its own orbit, and propagating its own period

into the joint phsenomenon. The explanation of the tides,

however, belongs more properly to that part of the general

subject of perturbations which treats of the action of the

radial component of the disturbing force, and is therefore

postponed to a subsequent chapter.
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CHAPTER XIII.

THEORY OF THE AXES, PERIHELIA, AND EXCEN-

TRIGITIES.

" Inciplunt magni pronedere menses."

—

Virg. Pullin.

VARIATION OP ELEMENTS IN GENERAL. DISTINCTION BETWEEN
PERIODIC AND SECULAR VARIATIONS.— GEOMETRICAL EXPRESSION

OF TANGENTIAL AND NORMAL FORCES. VARIATION OF THE MAJOR

AXIS PRODUCED ONLY BY THE TANGENTIAL FORCE,— LAGRANGe's

THEOREM OF THE CONSERVATION OF THE MEAN DISTANCES AND
PERIODS. THEORY OF THE PERIHELIA AND EXCENTRICITIES.

—

— GEOMETRICAL REPRESENTATION OF THEIR MOMENTARY VARIA-

TIONS. ESTIMATION OF THE DISTURBING FORCES IN NEARLY
CIRCULAR ORBITS. APPLICATION TO THE CASE OF THE MOON.

—

THEORY OP THE LUNAR APSIDES AND EXCENTRICITY. — EXPE-

RIMENTAL ILLUSTRATION.— APPLICATION OP THE FOREGOING

PRINCIPLES TO THE PLANETARY THEORY. — COMPENSATION IN

ORBITS VERY NEARLY CIRCULAR. — EFFECTS OF ELLIPTICITY.—
GENERAL RESULTS.— LAGRANGE's THEOREM OF THE STABILITY

OF THE EXCENTRICITIES.

(652.) In the foregoing chapter we have sufficiently ex-

plained the action of the orthogonal component of the dis-

turbing force, and traced it to its results in a continual

displacement of the plane of the disturbed orbit, in virtue of

which the nodes of that plane alternately advance and recede

upon the plane of the disturbing body's orbit, with a general

preponderance on the side of advance, so as after the lapse

of a long period to cause the nodes to make a complete revo-

lution and come round to their former situation. At the

same time the inclination of the plane of the disturbed mo-
tion continually changes, alternately increasing and diminish-

ing
; the increase and diminution however compensating each

other, nearly in single revolutions of the disturbed and dis-

turbing bodies, more exactly in many, and with perfect
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accuracy in long periods, such as those of a complete revo-

lution of the nodes and apsides. In the present and follow-

ino- chapters ^ye shall endeavour to trace the effects of the

other components of the disturbing force - those whrch a.

•

the plane (for the thue being) of the disturbed orb. and

which ?end to derange the elliptic form of the orb.t, and the

Ls of eUiptic motion in that plane. The .mall mchnaUon

llerally speaking, of the orbits of the planets and satelhtes

CI other, permits us to separate these effects m the^y

one from the other, and thereby greatly to snnplffy their

lideration. Accordingly, in what follows, we f^^U th-u^^^^^

out nec^lect the- mutual inclination of the orbit of the das

;led\nd disturbing bodies, and regard all the forces as

nctino- and all the motions as performed m one plane.

53 ) In considering the changes induced by the mutual

action of wo bodies in different aspects with respect to each

otr on the magnitudes and forms of ^^^eu-
-.^^^^^^

their positions therein, it wiU be proper m the mst^nce

to explain the conventions under which geometei. and as

Lomts have alike agreed to use the language

the elliptic system, and to continue to apply them to |li-tuijDea

ox^l a tholo-h those orbits so disturbed are no longer in

iwlarstrictness, ellipses or anyWn curv^
1^^^^^

thev do partly on account of the convenience of conception

1 1 v.«mo- trulv represented, by supposing tuc v. i

capable ol being truiy lep
jBao-nitude and

U<ilf to be slowly variable, to change its ma„
_

itseit to be Slow y ^^^^
excenti.city and to sh^ xts po^

^^^^

it lies according
'^l'^'^^ , ^ I ,.ould do if the

elhpse ^'^^'^^^ ,f considering the subject, the whole

existence,
.^^^^^^^^^^^^ ^^^^^^ M as thrown upon

the orbit, 7^^%%, . of procedure, indeed, is the
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extreme slowness with which, the variations of the elements,

at least where the planets only are concerned, develope

themselves. For instance, the fraction expressing the ex-

centricitj of the earth's orbit changes no more than 0*00004
in its amomit in a century ; and the place of its periheHon, as

referred to the sphere of the heavens, by only 19' 39'' in the

same tune. For several years, therefore, it would be next
to impossible to distinguish between an ellipse so varied and
one that had not varied at all; and in a single revolution, the
difference between the original ellipse and the curve really

represented by the varying one, is so excessively minute,
that, if accurately drawn on a table, six feet in diameter, the
nicest examination with microscopes, continued along the
whole outlines of the two curves, would hardly detect any
perceptible interval between them. Not to call a motion so

minutely conforming itself to an elliptic curve, elliptic, would
be affectation, even grantmgthe existence of trivial departures
alternately on one side or on the other : though, on the other
hand, to neglect a variation, which continues to accumulate
from age to age, till it forces itself on our notice, would be
wilful blindness.

(654.) Geometers, then, have agreed in each single re-
volution, or for any moderate interval of tune, to regard the
motion of each planet as elliptic, and performed according to
Kepler's laws, with a reserve in favour of those very small
and transient fluctuations which take place within that time,
but at the same time to regard all the elements of each ellipse

as in a continual, though extremely slow, state of change

;

and, in tracing the effects of perturbation on the system, they
take account principally, or entirely, of this change of the
elements, as that upon which any material change in the
great features of the system will ultimately depend.

(655.) And here we encounter the distinction between
what are termed secular variations, and such as are rapidly
periodic, and are compensated in short intervals. In our
exposition of the variation of the inclination of a disturbed
orbit (art. 636.), for instance, we showed that, in each single
revolution of the disturbed body, the plane of its motion
underwent fluctuations to and fro in ito inclination to that of
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the disturbing body, wliich nearly compensated eacb other;

leaving, however, a portion outstanding, which again is

nearly compensated by the revolution of the disturbing body,

yet still leaving outstanding and uncompensated a minute

portion of the change which requires a whole revolution of

the node to compensate and bring it back to an average or

mean value. Now, the two first compensations which are

operated by the planets going through the succession of

configurations with each other, and therefore in comparatively

short^periods, are called periodic variations; and the deviations

thus compensated are called inequalities depending on configu-

rations ; while the last, which is operated by a period of the

node fone of the elements), has nothing to do with the con-

ficrtxrations of the individual planets, requires a very long

period of tune for its consummation, and is, therefore, distm-

guished from the former by the term secular variation.
^

(656 ) It is true, that, to afford an exact representation ot

the motions of a disturbed body, whether planet or satellite,

both periodical and secular variations, with their corresponding

inequalities, require to be expressed; and, indeed, the former

even more than the latter ;
seeing that the secular mequahties

are, in fact, nothing but what remains after the mutual

destruction of a much larger amount (as it very often is) ot

periodical. But these are in their nature transient and

temporary: they disappear in short periods, and leave no

trace The planet is temporarUy drawn from its orbit (its

slowly vaiying orbit), but forthwith returns to it, to deviate

prelently as much the other way, while the varied orbit

accommodates and adjusts itself to the average of these

excursions on either side of it ; and thus continues to present

for a succession of indefinite ages, a kind of medium pic ure

of all that the planet has been doing in thenr lapse, m which

the expression and character is preserved; but the individual

features are merged and lost. These periodic mequahties,

however, are, as we have observed, by no means neglected

but it is more convenient to take account of them by a separate

process independent of the secular variations of the elements.

(657S In order to avoid complication, while endeavouring
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to give the reader an insight into both kinds of variations,

we shall for the present conceive all the orbits to lie In one
plane, and confine our attention to the case of two only, that
of the disturbed and disturbing body, a view of the
subject which (as we have seen) comprehends the case of the
moon disturbed by the sun, since any one of the bodies may

be regarded as fixed at pleasure, provided we conceive all its

motions transferred in a contrary direction to each of the
others. Let therefore A P B be the undisturbed elliptic
orbit of a planet P ; M a disturbing body, join M P, and
supposmg M K=M S take M N : M K :: M : M p2.
Then if S N be joined, N S will represent the disturbing
force of M or P, on the same scale that S M represents M's
attraction on S. Suppose Z P Y a tangent at P, S Y per-
pendicular to it, and N T, N L perpendicular respectively to
S Y and P S produced. Then will N T represent the tan-
gential, T S the normal, JST L the transversal, and L S the
radial components of the disturbing force. In circular orbits
or orbits only slightly elliptic, the directions P S L and S Y
are nearly coincident, and the former pair of forces will difl^er
but slightly from the latter. We shall here, however, take the
general case, and proceed to investigate in an eUiptic orbit
of any degree of excentricity the momentary changes pro-
duced by the action of the disturbing force in those elements

G G
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depends {i.e. the length and pos.t.on of the

»J
,h excentricity), in the same ™y as vn the as ^hj

detmntoed the '"'"'^"'-y
^''T.ld1^

'Tt ':toet -teU as the average supply of light

formed under theinfluenee " e'-^'J.-^"^^^^, planet moves

Kepler's laws, that if the -loc-ty "teh a l

»t 'any point of its orh.t be
J^^/^^^ thereby

.hat point frojn"
^^tnThaT^Ve..^" the pl-et may

also given. It is no matter m
^^^^

be moving at that moment ^
j^, „,gth. This

trieity andthe posmoB of >ts

1^^^^^^^^ ^ Newton,

property of elhpnc motion has been a
eonclusions

Lud is one of the
--^r: oSl^ planeTdeserib^^^^^^

from his theory. Let us now ^^^^^ ^j^^

indefinitely small ^,,„,bing power of

jomt influence of
^^^^^^^^ certain cmvature

another planet, ihis arc w
^osidered as an arc of

and direction, and, therefore, -ay^; oons^
^^^^^ ,,,3

. certain elUpse descrAed abou the su^
^^^^^^

p,ainreason,-.hatwhatever he th cm

of the arc in quesfon, an elbp e n>ay

^^^^^ ^^^^

whose focns shall be m
posed indefinitely

with it thr-oughont the
L , matter of pure

small) between >t» P°"t„„er, that the elhpse thus

geometry. It does not fWl-^
^"^^'same elements as that

?nstantaneouslycletermmedwmhav
th^^

^^^^^ ^ ^.^^^^

.imilarly ^^^^^^^^^Z tstlt. If the disturbing force

rirSiit't^
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variation of the element from instant to instant is produced
and the ellipse so determined is in a continual state of chano-e.

Kow when the planet has reached the end of the small arc
imder consideration, the question whether it will in the next
instant describe an arc of an ellipse having the same or a
vai-ied axis will depend, not on the new direction impressed
upon it by the acting forces,— for the axis, as we have seen,
is independent of that direction,— not on its change of distance
from the sun, while describing the former arc,— for the
elements of that arc are accommodated to it, so that one and
the same axis must belong to its beginning and its end.
The question, in short, whether in the next ai-c it shall take
up a new major axis or go on with the old one will depend
solely on this— whether its velocity ha^s or has not undergone
a change by the action of the disturbing force. For* the
central force residing in the focus can impress on it no such
change of velocity as to be incompatible with the permanence
of its eUipse, seeing that it is by the action of that force that
the velocity is maintained in that due proportion to the
distance which elliptic motion, as such, requkes.

(659.) Thus we see that the momentary variation of the
major axis depends on notliing but the momentary deviation
from the law of elhptic velocity produced by the disturbing
force, without the least regard to the direction in which that
extraneous velocity is impressed, or the distance from the sun
at which the planet may be situated, at the moment of its
impression. Nay, we may even go farther, for, as this holds
good at every instant of its motion, it will follow, that after
the lapse of any time, however great, the total amount of
change which the axis may have undergone will be determined
only by the total deviation px^oduced by the action of the
disturbbg force in the velocity of the disturbed body from
that which it would have had in its undisturbed ellipse, at the
same distance from the center, and that therefore the total
amount of change produced in the axis in any lapse of thne
may be estimated, if we know at every instant the efficacy
ot the disturbing force to alter the velocity of the body's
motion, and that without any regard to the alterations which

GO 2
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the action of that force may have produced in the other

elements of the motion in the same time.
.. , . „

f 660 ) Now it is not the whole disturbing force whichis eBec-

tive in changingFs velocity, but only its tangential component
_X nc-mafcomponent tends merely to alter the curvature of

the orbit or to deflect it into conformity w>th a cn-cle of cur-

vature of greater or lesser radius, as the case may be, and m

To way to alter the velocity. Hence it appears that the

larJon of the length of the ans is dueMj to thet«.g^^

tial force, and is quite independent on the normal. Now Jt

elly shown that as the velocity increases, the axis mcreases

t?e distance remaining unaltered •) though not m the same

exit proportion. Hence it follows that if the tangenfal

StebL force conspires with the motion of P, itsraomentary

trn iBCreases the axis of the disturbed orbit, whatever be

the situation of Pin its orbit, and Dice wrsa.

%6n Let A S B mg. art. 657.) be the major axis of the

elW A P B, and on thf opposite side of A B take two pomts

P aid M', si^darly situated with respect to the axis with P

!nd M on'their sidi Then if at P' and H' boies e^u^ .»

P and M be placed, the forces exerted by M on V aEd »

will be equal to those exerted by M on P and S, and there-

in t tVtW aisturbi»=
°f f ™ 7Ttl Z

the diection P' Z' (suppose) will equal that exer ed byM on

P in^he Lotion P Z P' therefore (supposingit to revolve

fnL same direction round S as P) will be retarded (or ac -

lerltedTthe case may be) hy precisely the same force by

;:;:h% is accelerated (or r^^^f'-;^^^:^^^^,

::^-rx?:t:ttTnX:;::':r:c^^^^

force being properly assumed.
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number of revolutions of both bodies, P will have been pre-

sented to M on one side of the axis, at some one moment, in

the same manner as at some other moment on the other.

Whatever variation may have been effected in its axis in the

one situation will have been reversed in that symmetrically

opposite, and the ultimate result, on a general average of an
infinite number of revolutions, will be a complete and exact

compensation of the variations in one direction by those in

the direction opposite.

(662.) Suppose, next, P's orbit to be circular. If now M's
orbit were so also, it is evident that in one complete synodic
revolution, an exact restoration of the axis to its original

length would take place, because the tangential forces would
be symmetrically equal and opposite during each alternate

quarter revolution. But let M, during a synodic revolution,

have receded somewhat from S, then wiU its disturbing power
have become gradually weaker, so that, in a synodic revolution
the tangential force in each quadrant, though reversed in
direction being inferior in power, an exact compensation will
not have been effected, but there will be left an outstanding
uncompensated portion, the excess of the stronger over the
feebler effects. But now suppose M to approach by the
same gi-adations as it before receded. It is clear that this

result will be reversed; since the uncompensated stronger
actions will aU lie in the opposite direction. Now suppose
M's orbit to be elliptic. Then during its recess from S or in
the half revolution from its perihehon to its aphelion, a con-
tinual uncompensated variation will go on accumulating in one
direction. But from what has been said, it is clear that this
will be destroyed, during M's approach to S in the other half
of its orbit, so that here again, on the average of a multitude
of revolutions during which P has been presented to M in
every situation for every distance ofMfrom S, the restoration
will be effected.

(663.) If neither P's nor M's orbit be cu-cular, and if more-
over the directions of their axes be different, tliis reasoning
drawn from the symmetry of their relations to each other, does
not apply, and it becomes necessary to take a more general

GO 3
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view of tlie matter. Among the fundamental relations of

dynamics, relations which presuppose no particular law of

force like that of gravitation, but which express m general

terms the results of th^ action offeree on matter durmg <tmr,

to produce or change velocity, is one usuaUy cited as the

"Principle of the conservation of the vis viva,'' which appbes

directly to the case before us. This principle (or rather this

theorem) declares that if a body subjected at every instant of

its motion to the action offerees directed to fixed centers (no

matter how numerous), and having their intensity dependent

only on the distances from their respective centers of action,

travel from one point of space to another, the velocity whicli

it has on its arrival at the latter point will differ from that

which it had on setting out from the former, by a quantity

dependino- only on the different relative situations of these two

points in°space, without the least reference to the form of the

curve in which it may have moved m passing from one point

to the other, whether that curve have been described free y

^^nder the simple influence of the central forces, or the body

have been compeUed to glide upon it, as a bead upon a smooth

wire Amono- the forces thus acting may be mcluded any

constant forces, acting in parallel directbns, which may be

re<^arded as directed to fixed centers infinitely distant, it

foSows from thie theorem, that. If the body return to the pomt

P from which it set out, its velocity of arrival will be the same

with that of its departure ; a conclusion which (for the puiTpse

we have in view) sets us free from the necessity of entering

into any consideration of the laws of the disturbing force

the change which its action may have induced m the form of

the orbit of P, or the successive steps by which velocity gene-

rated at one point of its intermediate path is destroyed at

another, by the reversed action of the tangential force, is ow

to awly this theorem to the case in question, let M be sup-

posed to retain a fixed position during one whole revolution

nfV P then is acted on, during that revolution, by three

Lees • 1st. hy the central attraction of S dii-ected always to

S 2nd. by that to M, always directed to M; 3rd. by ^ force

oq'ual to M's attraction on S; but in the direction M S, which
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therefore is a constant force, acting always in parallel direc-

tions. On completing its revolution, then, P's velocity, and

therefore the major axis of its orbit, wUl be found unaltered,

at least neglecting that excessively minute difference which

will result from the non-arrival after a revolution at the exact

point of its departure by reason of the perturbations in the

orbit produced in the interim by the disturbing force, which

for the present we may neglect.

(664.) Now suppose M to revolve, and it will appear, by

a reasoning precisely similar to that of art. 662., that what-

ever uncompensated variation of the velocity arises in suc-

cessive revolutions of P during M's recess from S wlU be

destroyed by contrary uncompensated variations arising dming

its approach. Or, more simply and generally thus : whatever M's

situation may be, for every place which P can have, there must

exist some other place of P (as P'), in which the action of

M shall be precisely reversed. Now if the periods he incom-

mensurable, in an indefinite number of revolutions of both

bodies, for every possible combination of situations (M, P)
there will occur, at some time or other, the combination (M, P')

which neutralizes the effect of the other, when carried to the

general account ; so that ultimately, and when very long

periods of time are embraced, a complete compensation Avill

be found to be worked out.

(665.) This supposes, however, that in such long periods

the orbit of M is not so altered as to render the occurrence

of the compensating situation (M, P') impossible. Tliis would

be the case if M's orbit were to dilate or contract indefinitely

by a variation in its axis. But the same reasoning which

applies to P, applies also to M. P retaining afixed situation,

M's velocity, and therefore the axis of its orbit, would be
exactly restored at the end of a revolution ofM ; so that for

every position P M there exists a compensating position

P M'. Thus M's orbit is maintaiBcd of the same magnitude,
and the possibility of the occurrence of the compensatmo"
situation (M, P') is secured.

(666.) To demonstrate as a rigorous mathematical truth
the complete and absolute ultimate compensation of the va^

O Q 4
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rlations in question, it would be requisite to show that the

mimite outstanding changes due to the non-amvals of P and

M at the same exact points at the end of each revolution,

cannot accumulate in the course of infinite ages m one

direction. Now it will appear in the subsequent part ot this

chapter, that the effect of perturbation on the excentncities

and apsides of the orbits is to cause the former to undergo

only periodical variations, and the latter to revolve and take

xxp in succession every possible situation. Hence m the

course of infinite ages, the points of arrival of P and.M

at fixed lines of direction, S P, S M, in successive revolutions

though at one time they will approach S, at another wiU

recede from it, fluctuating to and fro about mean pomts

from which they never greatly depart. And if the arrival

of either of them at P, at a point nearer b, at the end ot a

complete revolution, cause an excess of velocity, ^ts arrival

at a more distant point will cause a deficiency, and thus, as

the fluctuations of distance to and fro ultimately balance

each other, so will also the excesses and defects of velocity

thouo-h in periods of enormous length, bemg no less than

that of a complete revolution of P's apsides for the one cause

of inequality, and of a complete restoration of its excentricity

for the other.
, , .

(667 ) The dynamical proposition on which this reasomng

Is based is general, and appHes eqnally well to cases wherem

the forces ^t in one plane, or are directed to centers any-

where situated in spaee. Hence i^we ta,e .n^o eons, e a.

tion the inclination of P's orbit to that oi

. -n 1 HnW that in tliis case, upon a com-

;Z':^al7trV,''^'^:^^^^^^ and the

! tion rf the ncKlesof Fs orhit will prevent .ts returrnng

rrnoint in the exact of its origma orh.t as that o

to a point
_ ,,pv;i->ehon prevent its arrival at the

the --"™XrJm S smce it has been shown

"etl n flttnates round a mean state from wUch
that the

, , ^j^.^ jKenode revolves and makes
,t

^''^''^^^r'"'^'^.^,-^,^,^ that in a complete period of

:hrTatr\hr;;:;:J. o; arrival of P at the same longitude
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will deviate as often and by the same quantities above aa

below its original point of departure from exact coincidence

;

and, therefore, that on the average of an infinite number

of revolutions, the effect of this cause of non-compensation

wiU also be destroyed.

(668.) It is evident, also, that the dynamical proposition

in question being general, and applying equally to any num-

ber of fixed centers, as well as to any distribution of them in

space, the conclusion would be precisely the same whatever

be the number of disturbing bodies, only that the periods of

compensation would become more intricately involved. We
are, therefore, conducted to this most remarkable and im-

portant conclusion, viz. that the major axes of the planetary

(and lunar) orbits, and, consequently, also their mean mo-
tions and periodic times, are subject to none but periodical

changes ; that the length of the year, for example, in the

lapse of infinite ages, has no preponderating tendency either

to increase or diminution, — that the planets will neither re-

cede indefinitely from the sun, nor fall into it, but continue,

so far as their mutual perturbations at least are concerned,

to revolve for ever in orbits of very nearly the same dimen
sions as at present.

(669.) This theorem (the Magna Charta of our system),

the discovery of which is due to Lagrange, is justly regarded

as the most important, as a single result, of any which have
hitherto rewarded the researches of mathematicians in this

application of their science; and it is especially worthy of

remark, and follows evidently from the view here taken of

it, that it would not be true but for the influence of the

perturbing forces on other elements of the orbit, viz. the

perihelion and excentricity, and the inclination and nodes;
since we have seen that the revolution of the apsides and
nodes, and the periodical increase and diminution of the ex-
centricities and inclinations, are both essential towards ope-
ratmg that final and complete compensation which gives it a
character of mathematical exactness. We have here an in-
stance of a perturbation of one kind operating on a perturba-
tion of another to annihilate an effect which would otherwise
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accumulate to the destruction of the system. It must, how-

ever, be borne in mind, that it is the smallness of the excen-

tricities of the more influential planets, which gives this

theorem its practical importance, and distinguishes it from a

mere barren speculative result. Witliin the limits of ulti-

mate restoration, it is this alone which keeps the periodical

fluctuations of the axis to and fro about a mean value within

moderate and reasonable limits. Although the earth might

not faU into the sun, or recede from it beyond the present

limits of our system, any considerable increase or dimmution

of its mean distance, to the extent, for instance, of a tenth ot

its actual amount, would not fail to subvert the conditions on

which the existence of the present race of ammated bemgs

depends. Constituted as our system is, however, changes to

anytliino- like this extent are utterly precluded. The great-

est departure from the mean value of the axis of any pla-

netary orbit yet recognized by theory or observation (that ot

the orbit of Saturn disturbed by Jupiter), does not amount

to a thousandth part of Lts length.* The effects of these

fluctuations, however, are very sensible, and mamfest them-

selves in alternate accelerations and retardations in the an-

gular motions of the disturbed about the central body,M
cause it alternately to outrun and to lag behind elliptic

place in its orbit, giving rise to what are called equations m

its motion, some of the chief instances of which will be here-

after specified when we come to trace more particularly in

detail the effects of the tangential force in various configu-

rations of the disturbed and disturbing bodies, and to explam

the consequences of a near approach to commensurability m

their periodic times. An exact commensurabihty m this

respect, such, for instance, as would bring both planets round

to the same configuration in two or three revolutions of one

of them, wodd appear at first sight to destroy one of the

essential elements of our demonstration. But even supposing

such an exact adjustment to subsist at any epoch, it could

A tJnnci will nrobablv be found to exist in tbe orbits of the small

SUd .p.ri.l no.ic. in • -'O'k «' ""•
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not remain peniianent, since by a remarkable property of

perturbations of this class, which geometers have demon-

strated, but the reasons of which we cannot stop to explain,

any change produced on the axis of the disturbed planet's

orbit is necessarily accompanied by a change in the contrary

direction in that of the disturbing, so that the periods would

recede from commensurabiKty by the mere effect of their

mutual action. Cases are not wanting in the planetary sys-

tem of a certain approach to commensurability, and in one

very remarkable case (that of Uranus and Neptune) of a

considerably near one, not near enough, however, in the

smallest degree to affect the validity of the argument, but

only to give rise to inequalities of very long periods, of which

more presently.*

(670.) The variation of the length of the axis of the

disturbed orbit is due solely to tbe action of the tangential

disturbing force. It is otherwise with that of its excentricity

and of tbe position of its axis, or, wMcb is the same thing, the

longitude of its perihelion. Botb the normal and tangential

components of the disturbing force affect these elements.

We shall, however, consider separately the influence of each.

Jind, commencing, as the simplest case, with that of the tan-

gential force ; — let P be the place of the disturbed planet
in its elliptic orbit A P B, whose axis at the moment is A S B
and focus S. Suppose Y P Z to be a tangent to this orbit at

* 41 revolutions of Neptune are nearly equal to 81 of Uranus, giving rise
to an inequality, having 6805 years for its period.
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P. Then, If we suppose AB=2 a, the other focus of the

ellipse, H, will be found by making the angle Z P H=Y P S

or rPH = 180°—YPZ, or SPH= 180°-2YPS, and

taking P H=:2 a— S P. This is evident from the nature

of the ellipse, in which lines drawn from any point to the two

foci make equal angles with the tangent, and have their sum

equal to the major axis. Suppose, now, the tangential force

to act on P and to increase its velocity. It will therefore

increase the axis, so that the new value assumed by a (viz. a')

will be greater than a. But the tangential force does not

alter the angle of tangency, so that to find the new posi-

tion (H') of the xipper focus, we must measure off along

the same line P H, a distance P H' (= 2 a' - S P) greater

than P H. Do this then, and join S H' and produce it.

Then will A' B' be the new position of the axis, and i S H'

the new excentricity. Hence we conclude, 1st, that the

new position of the perihelion A'' will deviate from the old

one A towards the same side of the axis A B on which

P is when the tangential force acts to increase the velocity,

whether P be moving from perihelion to aphehon, or

the contrary. 2dly, That on the same supposition as to

the action of the tangential force, the excentricity mcreases

when P is between the perihelion and the perpendicular to

the axis F H G drawn through the upper focus, and dhni-

nishes when between the aphelion and the same perpendicular.

3dly, That for a given change of velocity, i. e. for a given

value of the tangential force, the momentary variation m the

place of the perihelion is a maximum when P is at F or tr,

from which situation of P to the periheHon or aphehon, it

decreases to nothing, the perihehon being stationary when P

is at A or B. 4thly, That the variation of the excentricity

due to this cause is complementary in its law of increase

and decrease to that of the perihelion, being a maximum for

a o-iven tano-ential force when P is at A or B, and vamshing

when at G or F. And lastly, that where the tangential force

acts to diminish the velocity, all these results are reversed.

If the orbit be very nearly circular* the pomts F, G, will bo

• So nearly that the cube of the excentricity may be neglected.
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SO situated that, although not at opposite extremities of a

diameter, the times of describing A F, F B, B G, and G A
Avill be all equal, and each of course one quarter of the whole

periodic time of P.

(671.) Let xis now consider the effects of the normal com-

ponent of the disturbing force upon the same elements. The

direct effect of this force is to increase or diminish the curva-

tm-e of the orbit at the point P of its action, without pro-

ducing any change on the velocity, so that the length of the

T

axis remains unaltered by its action. Now, an increase of

curvature at P is synonymous with a decrease in the angle

of tangency SPY when P is approaching towards S, and with

an increase in that angle when receding from S. Suppose

the former case, and while P approaches S (or is moving

from aphelion to perihehon), let the normal force act inwards

or towards the concavity of the ellipse. Then wiU the tangent

P Y by the action of that force have taken up the position

P Y'. To find the corresponding position H' taken up by

the focus of the orbit so disturbed, we must make the angle

S P H'= 180°— 2 SPY', or, which comes to the same, draw

P H' on the side of P H opposite to S, making the angle

H P H'= twice the angle of deflection Y P Y' and in P H'

take PH'=P H. Joining, then, S H' and producing it,

A' S H' M' will be the new position of the axis. A' the new

perihelion, and ^ S H' the new excentricity. Hence we

conclude, Ist, that the normal force acting inwards, and P
moving towards the perihelion, the new direction S A' of the

perihelion is in advance (with reference to the direction of P'a
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revolution) of the old— or the apsides advance— when P is

anywhere situated between F and A (since when at F the

point H' faUs upon H M between H and M). When P is

at F the apsides are stationary, but when P is anywhere

between M and F the apsides retrograde, H' in this case

lying on the opposite side of the axis. 2dly, That the same

directions of the normal force and of P's motion being

supposed, the excentricity increases while P moves through

the whole semiellipse from aphelion to perihelion — the rate

of its increase being a maximum when P is at F, and nothing

at the aphelion and perihelion. 3dly, That these effects are

reversed in the opposite half of the orbit, A G M, in

which P passes from perihelion to apheUon or recedes from S.

4thly, That they are also reversed by a reversal of the

dkection of the normal force, outwards, in place of inwards,

othly. That here also the variations of the excentricity and

peiihelion are complementary to each other; the one vari-

ation being most rapid when the other vanishes, and vice

versa. Bthly, And lastly, that the changes in the situation

of the focus H produced by the actions of the tangential

and normal components of the distui'bing force are at right

angles to each other in every situation of P, and therefore

where the tangential force is most efficacious (in proportion

to its intensity) in varying either the one or the other of the

elements in question, the normal is least so, and vice versa.

(672.) To determine the momentary effect of the whole

disturbing force then, we have only to resolve it into its

tangential and normal components, and esthnatmg by these

principles separately the effects of either constituent on both

elements, add or subtract the results according as they con-

spire or oppose each other. Or we may at once mal^e the

ano-le H P H" equal to twice the angle of deflection produced

W the normal force, and lay off P H"= P H + twice the

variation of a produced in the same moment of time by the

tangential force, and H" will be the new focus The mo-

mentary velocity generated by the tangential force is cal-

culable from a knowledge of that force by the ordinaiy prm-

ciples of dynamics ; and from this, the variation of the axis is
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easily derived. * The momentary velocity generated by the

normal force in its own direction is in like manner calculable

from a knowledge of that force, and dividing this by the

linear velocity of P at that instant, we deduce the angular

velocity of the tangent about P, or the momentary variation

of the angle of tangency S P Y, corresponding.

(673.) The following resume of these several results in a

tabular form includes every variety of case according as P is

approaching to or receding from S ; as it is situated in the

arc F A G of its orbit about the perihelion or in the remoter

ai-c Gr M F about the aphelion, as the tangential force accele-

rates or retards the disturbed body, or as the normal acts in-

wards or outwards with reference to the concavity of the orbit.

EFFECTS OF THE TANGENTIAL DISTURBING FORCE.

Direction of P's motion. Situation of P in orbit.
Action of Tangential

Force.
Effect on Elements.

Approaching S.

Ditto.

Receding from S.

Ditto.

Indifferent.

Ditto.

Ditto.

Ditto.

Anywhere.
Ditto.

Ditto.

Ditto.

About Aphelion.

Ditto.

About Perihelion.

Ditto.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Accelerating P.

Retarding P.

Apsides recede.

advance.

advance.

recede.

Excontr. decreases.

increases.

increases.

decreases.

EFFECTS OF THE NORMAL DISTURBING FORCE.

Direction of P's motion. Situation of P in orbit.
Action of Normal

i'orce.
Eifect on Elements.

Indifferent.

Ditto.

Ditto.

Ditto.

Approaching S.

Ditto.

Receding from S.

Ditto.

About Aphelion.

Ditto.

About Perihelion.

Ditto.

Anywhere.
Ditto.

Ditto.

Ditto.

Inwards.

Outwards.
Inwards.

Outwards.
Inwards.

Outwards.
Inwards.

Outwards.

Apsides recede.

advance.

advance.

recede.

Excentr. increases.

decreases.

decreases.

increases.

* — c', and - =?— «' * .'. — l = zi»— jj'^ ={v + v') (o — y') or when in-
a T a' T a' a

finitesimal variations only are considered "
~° = 2i> (w'— v) or a' "a= 2o'u (t/— v)

frorn which it appears that the variation of the axis arising from a given va-
riation of velocity is independent of r, or is the same at whatever distance from S
the change takes pKice, and that cmteris parihns it is greater for a given change of
velocity (or for a given tangential force) in the direct ratio of the velocity itself.
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f674 ) Tiom the momentary changes in the elements of
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^

ty the near coincidence of the pomts T and I.
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So far then as the intensity of the forces is concerned, it will

make very Kttle difference in which way the forces are re-

solved, nor will it at all materially affect our conclusions as to

the effects of the normal and tangential forces, if in estimating

their quantitative values, we take advantage of the simplifica-

tion introduced into their numerical expression by the neglect

of the angle P S Y, i. e. by the substitution for them of the

radial and transversal components. The character of these

effects depends (art. 670, 671.) on the direction in which the

forces act, which we shall suppose normal and tangential as

before, and it is only on the estimation of their quantitative

effects that the error induced by the neglect of this angle can

faU. In the limar orbit this angle never exceeds 3° 10', and

its influence on the quantitative estimation of the acting forces

may therefore be safely neglected in a first approximation.

Now MN being found by the proportion MP^ : MS^::
M S : M N, N P (=M N-M P) is also known, and there-

fore N L=N P. sin N P S=N P. sin (A S P + S M P) and

L S=P L-P S=N P . cos N P S-P S=NP . cos (ASP
+ SM P)— S P become known, which express respectively

the tangential and normal forces on the same scale that SM
represents M's attraction on S.* Suppose P to revolve in the

du'cction E A D B. Then, by drawing the figure in various

situations of P throughout the whole circle, the reader will

easily satisfy himself — 1st. That the tangential force acce-

lerates P, as it moves from E towards A, and from D towards

B, but retards it as it passes from A to D, and from B to E.

2nd. That the tangential force vanishes at the four points

A, D, E, B, and attains amaximum at some intermediate points.

3rdly. That the normal force is directed outwards at the

* MS= R; SP=r; M P=/; A S A M P =M ; M N= -l!- ; N P
R'—f / R TJ'\

^
= —^=(R-/)^1 + y +

y»J
' whence wc have NL=(R-/).sm {0+Mj

LS = (R-/). cos(0+M).^l +5 + BlJ-r. When R
and owing to the great distance of M, are nearly equal, we have R-/-=

nearly, and the angle M may be neglected; so that we have

NP==3PV.

H H
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syzigies A, B, and inwards at the points D, E, at wliich points

respectively its outward and inward intensities attain then:

maxima. Lastly, that this force vanishes at points interme-

diate between A D, D B, B E, and E A, which points, when

M is considerably remote, are situated nearer to the quadra-

ture than the syzygies.

(676.) In the lunar theory, to which we shall now proceed

to apply these principles, both the geometrical representation

and the algebraic expression of the disturbing forces admit of

great simplification. Owing to the great distance of the sun

M, at whose center the radius of the moon's orbit never

subtends an angle of more than about 8', N P may be re-

garded as parallel to A B. And D S E becomes a straight line

Coincident with the line of quadratures, so that V P becomes

the cosine of A S P to radius S P, and N L=N P . sin

ASP; LP=NP.cosASP. Moreover, in this case

(see the note on the last article) N P:=3 P V= 3 S P . cos

ASP; and consequently NL=3 SP . cos ASP • sin A SP

..f SP . sin 2 A S P, and L S =SP (3 . cos A S P'^- 1)

_iSP(l + 3. cos 2 ASP) which vanishes when cos

A S P^= or at 64° 14' from the syzygy. Suppose through

every point of P's orbit there be drawn S Q=3 SP .
cos

A S P^ then will Q trace out a certain looped oval, as in the

figure, cutting the orbit in four pomts 64° 14' from A and B

respectively, and P Q will always represent in quantity and

direction the normal force acting at P.

(677 ) It is important to remark here, because upon tliia

the whole lunar theory and especially that of the motion of
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the apsides liinges, that all tlie acting disturbing forces, at

equal angles of elongation A S P of the moon from the sun,

are ccBteris paribus proportional to S P, the moon's distance

from the earth, and are therefore greater Avhen the moon is

near its apogee than when near its perigee ; the extreme

proportion being that of about 28 : 25. This premised, let

us first consider the effect of the normal force in displacing

the lunar apsides.- This we shall best be enabled to do by
examining separately those cases in which the effects are most
strongly contrasted ; viz, when the major axis of the moon's

orbit is directed towards the sun, and when at r'mht ano-les

1.0 that direction. First, then, let the line of apsides be

+ + Br

directed to the sun as in the annexed figure, where A is the

perigee, and take the arcs Art, A 3, B c, B d each=64° 14'.

Then while P is between a and b the normal force actino- out-

wards, and the moon being near its perigee, by art. 671. the

apsides will recede, but when between c and d, the force there

acting outwards, but the moon being near its apogee, they
will advance. The rapidity of these movements will be re-

spectively at its maxima at A and B, not only because the
disturbing forces are then most intense, but also because
(see art. 671.) they act most advantageously at those points

to displace the axis. Pi-oceeding from A and B towards the
neutral points abed the rapidity of their recess and advance
dimmishes, and is nothing (or the apsides are stationary)
when P is at either of these points. From b to D, or rather
to a point some little beyond D (art. 67 1.) the force acts
mwards, and the moon is still near perigee, so that in this arc

UU'2
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of the orbit the apsides advance. But the rate of advance

is feeble, because in the early part of that arc the normal

force is small, and as P approaches D and the force gams

power, it acts disadvantageously to move the axis, its effect

vanishing altogether when it arrives beyond D at the ex-

tremity of the perpendicular to the upper focus of the lunar

ellipse. Thence up to c tliis feeble advance is reversed and

converted into a recess, the force still acting inwards, but

the moon now being near its apogee. And so also for

the arcs tZE, E a. In the figure these changes are indicated

hj ++ for rapid advance, for rapid recess, + and—
for feeble advance and recess, andO for the stationary pomts

Now if the forces were equal on the sides of + and — it is

evident that there would be an exact counterbalance of

advance and recess on the average of a whole revolution.

But thi= is not the case. The force in apogee is greater than

that in perigee in the proportion of 28 : 25, while m the

quadratures about D and E they are equal. Therefore

while the feeble movements + and- in the neighbourhood of

these points destroy each other almost exactly, there will

necessarily remain a considerable balance in favour of advance,

in this situation of the line of apsides.

(678.) Next, suppose the apogee to lie at A, and the pen-

o-ee at B In this case it is evident ihat, so far as the di-

rection of the motions of the apsides is concerned, all the

conclusions of the foregoing reasoning will be reversed by the

substitution of the word perigee for apogee, and vzce versa ;

and all the signs in the figure referred to will be changed

But now the most powerful forces act on the side of A, that

is to say, stiU on the side of advance, this condition also being

reversed. In either situation of the orbit, then, the apsides

advance. . • ^ , ^

(679 )
(Case 3.) Suppose, now, the major axis to have the

situation D E, and the perigee to be on the side of D._ Here,

•

the arc & c of P's motion the nonnal force acts inwards,

and the moon is near perigee, consequently the apsides

advance, but with a moderate rapidity, the maximum of the

Lward normal force being only half that of the outward.
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In the arcs A b and c B tlie moon is still near perigee, and

the force acts outwards, but though powerfully towards A
and B, yet at a constantly increasing disadvantage (art. 671.)

Therefore in these arcs the apsides recede, but moderately.

In a A and B d (being towards apogee) they again ad vance,

still with a moderate velocity. Lastly, throughout the arc

d a, being about apogee with an inward force, they recede.

Here as before, if the perigee and apogee forces were equal,

the advance and recess would counterbalance; but as in fact

the apogee forces preponderate, there will be a balance on

the entu-e revolution in favour of recess. The same reasoning

of course holds good if the perigee be towards E. But now,

between these cases and those in the foregoing articles, there

is this difference, viz. that in this the dominant effect results

from the inward action of the normal force in quadratures,

while in the othera it results fi'om its outward, and doubly

powerful action in syzygies. The recess of the apsides in

their quadratures arising from the action of the normal force

will therefore be less than their advance in their syzygies

;

and not only on this account, but also because of the much

less extent of the arcs b c and d a on which the balance is

mainly struck in this case, than of a 5 and c d, the correspond-

ing: most influential arcs in the other.

(680.) In intermediate situations of the line of apsides, the

effect will be intermediate, and there will of course be a situa-

tion of them in which on an average of a whole revolution,

they are stationary. This situation it is easy to see will be

nearer to the line of quadratures than of syzygies, and the

preponderance of advance will be maintained over a much

more considerable arc than that of recess, among the possible

situations which they can hold. On every account, therefore

the action of the normal force causes the lunar apsides to

progress in a complete revolution of M or in a synodical year,

during which the motion of the sun round the earth (as we
consider the earth at rest) brings the line of syzygies into all

situations with respect to that of apsides.

(681.) Let us next consider the action of the tangential

force. And as before (Case 1.), supposing the perigee of the
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moon at A, and tlie direction of her revolution to be A D B E,

the tangential force retards her motion through the quadrant

A D, in which she recedes from S, therefore by art. 670. the

apsides recede. Tlirough D B the force accelerates, while

the moon still recedes, therefore they advance. Through B E
the force retards, and the moon approaches, therefore they

continue to advance, and finally throughout the quadrant E A
the force accelerates and the moon approaches, therefore they

recede. In virtue therefore of tliis force, the apsides recede,

during the description of the arc E A D, and advance during

D B E, but the force being in this case as in that of the

normal force more powerful at apogee, the latter will pre-

ponderate, and the apsides wiU advance on an average of a

whole revolution.

(682.) (Case 2.) The perigee being towards B, we have

to substitute in the foregoing reasoning approach to S, for

recess from it, and vice versa, the accelerations and retarda-

tions remaining as before. Therefore the results, as far as

direction is concerned, will be reversed in each quadi-ant, the

apsides advance during E A D and recede during D B E.

But the situation of the apogee being also reversed, the pre-

dominance remains on the side of E A D, that is, of advance.

(683.) (Case 3.) Apsides in quadratures, perigee near D.—

Over quadrant AD, approach and retardation, therefore

advance of apsides. Over D B recess and acceleration, there-

fore ao-ain advance; over BE recess and retardation with

recess of apsides, and lastly over E A approach and accelera-

tion, producing their continued recess. Total result: advance

durino- the half revolution A D B, and recess durmg B E A,

the acting forces being more powerful in the latter, whence

of course^'a preponderant recess. The same result when the

perigee is at E.
,

(684.) So far the analogy of reasoning between the action

of the tangential and normal forces is perfect. But from this

point they°diverge. It is not here as before. The recess of

the apsides in quadratures does not now arise from the pre-

dominance of feeble over feebler forces, while that in syzygies

results from that of powerful over powerful ones. The maxi-
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mum accelerating action of the tangential force is equal to

its maximum retarding, while the inward action of the normal

at its maximum is only half the maximum of its outward.

Neither is there that difference in the extent of the arcs over

which the balance is struck in tliis, as in the other case, the

action of the tangential force being inward and outward

alternately over equal arcs, each a complete quadrant.

Whereas, therefore, in tracing the action of the normal force,

we found reason to conclude it much more effective to produce

progress ofthe apsides in their syzygy, than in their quadrature

situations, we can draw no such conclusion in that of the

tangential forces : there being, as regards that force, a complete

symmetry in the four quadrants, while in regard of the normal

force the symmetry is only a half-symmetry having relation

to two semicircles.

(685.) Taking the average of many revolutions of the sun

about the earth, in which it shall present itself in every pos-

sible variety of situations to the line of apsides, we see that the

effect of the normal force is to produce a rapid advance in. the

syzygy of the apsides, and a less rapid recess in their quadra-

ture, and on the whole, therefore, a moderately rapid general

advance, whUe that of the tangential is to produce an equally

rapid advance in syzygy, and recess in quadrature. Directly,

therefore, the tangential force would appear to ha%'e no ulti-

mate influence in causing either increase or diminution in the

mean motion of the apsides resulting from the action of the

normal force. It does so, however, indirectly, consphing in

that respect with, and greatly increasing, an indu-ect action

of the normal force in a manner which we shall now proceed

to explain.

(686.) The sun moving uniformly, or nearly so, in the

same direction as P, the line of apsides when in or near the

syzygy, in advancing follows the sun, and therefore remains

materially longer in the neighbourhood of syzygy than if it

rested. On the other hand, when the apsides are in quadrature

they recede, and moving therefore contrary to the sun's motion,

remain a shorter time in that neighbourhood, than if they
rested. Thus the advance, ak-eady preponderant, is made to
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preponderate more by its longer continuance, and the recess,

already deficient, is rendered still more so by the shortening

of its duration * Whatever cause, then, increases du-ectly

the rapidity of both advance and recess, though it may do both

equally, aids in this indirect process, and it is thus that the

tangential force becomes effective thi'ough the medium o

the progress abeady produced, in doing and aiding the nonnal

force to do that which alone it would be unable to effect

Thus we have perturbation exaggerating perturbation, and

th7s we see what is meant by geometers, when they declare

that a considerable part of the motion of the unar apsides is

due to the square of the disturbing force, or, in other words,

aSses out of a second approximation in which the mfiuen e

of the first in altering the data of the problem is taken mto

,,„,e "™ of beLtion, by
glonously repa, ed 1- '

.^eory and ob-

demonsteatmg tbe exa
^.^j p„pe.ly

Ta^lllhe— Tbe .»a. apogee cb-culates. .n

3232'' -575343, or about 9i years.

• Newton, rrinc. i. 56. Cor. «.
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(^688.) Let us now proceed to investigate the influence of

the disturbing forces so resolved on the excentricity of the

lunar orbit, and the foregoing articles having sufficiently

familiarized the reader with our mode of following out the

chano-es in different situations of the orbit, we shall take at

once a more general situation, and suppose the line of apsides

in any position with respect to the sun, such as Z Y, the

perigee being at Z, a point between the lower syzygy and

the quadrature next following it, the direction of P's motion

as all along supposed being A D B E. Then (commencing

with the normal force) the momentary change of excentricity

will vanish at a, h, c, d, by the

vanishing of that force, and at

Z and Y by the effect of situa-

tion in the orbit annulling its

action (art. 671.). In the

arcs Z b and Y d therefore the

change of excentricity will be

small, the acting force nowhere

attaining either a great magni-

tude or an advantag-eous situation within their hmits. And
the force within these two arcs having the same character as

to inward and outward, but being oppositely influential by
reason of the approach of P to S in one of them and its recess

in the other, it is evident that, so far as these arcs are con-

cerned, a very near compensation of effects will take place,

and though the apogeal arc Y d will be somewhat more in-

fluential, this will teU for little upon the average of a revo-

lution.

(689.) The arcs bT) c and c?E a are each much less than a

quadrant in extent, and the force acting inwards throughout

them (which at its maximum in D and E is only hah" the

outward force at A, B) degrades very rapidly in intensity

towards either syzygy (see art. 676.). Hence Avhether Z be
between be or & A, the effects of the force in these arcs

will not produce very extensive changes on the excentricity,

and the changes which it does produce will (for the reason

already given) be opposed to each other. Although, then,
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the arc a d he farther from perigee than h c, and therefore tlie

force in it is greater, yet the predominance of effect here

will not be very marked, and will moreover be partially

neutralized by the small predominance of an opposite chai-acter

in Y d over Z b. On the other hand, the arcs a Z, c Y are

both larger in extent than either of the others, and the

seats of action of forces doubly powerful. Their influence,

therefore, will be of most importance, and then- preponderance

one over the other, (being opposite in then- tendencies,) will

decide the question whether on an average of the revolution,

the excentricity shall increase or duninish. It is clear

that the decision must be in favour of c Y, the apogeal arc,

and, since in this the force is outwards and the moon receding

from the earth, an increase of the excentricity wiU arise from

its influence. A similar reasoning will, evidently, lead to the

same conclusion were the apogee and perigee to change

places, for the du-ections of P's motion as to approach and

recess to S will be indeed reversed, but at the same time

the dominant forces will have changed sides, and the arc a A Z

will now give the character to the result. But when Z lies

between A and E, as the reader may easily satisfy himself,

the case will be altogether different, and the reverse conclusion

will obtain. Hence the changes of excentricity emergent on

the average of single revolutions from the action of the normal

force will be as represented by the signs + and— in the

figure above annexed.

(690.) Let us next consider the effect of the tangential

force. This retards P in the quadrants AD, BE, and

accelerates it in the alternate

ones. In the whole quadrant

A D, therefore, the effect is of

one character, the perigee

• being less than 90° from every

point in it, and in the whole

quadrant B E it is of the oppo-

site, the apogee being so si-

tuated (art.670.) Moreover,

in the middle of each quadrant, the tangential force is at its
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maxiinvim. Now, in the otiier quaclrants, E A and D B, the

change from perigeal to apogeal vicinity takes place, and the

tangential force, however powerful, has its effect annulled

by situation (art. 670.), and this happens more or less nearly

about the points where the force is a maximum. These
quadrants, then, are far less influential on the total result,

so that the character of that result will be decided by the

predominance of one or other of the former quadrants, and
will lean to that which has the apogee in it. Now in the

quadrant B E the force retards the moon and the moon is in

apogee. Therefore the excentricity increases. In this

situation therefore of the apogee, such is the average result

of a complete revolution of the moon. Here again also if the
perigee and apogee change places, so will also the character of
all the partial influences, arc for arc. But the quadrant AD
will now preponderate instead ofD E, so that under this double
reversal of conditions the result will be identical. Lastly,

if the line of apsides be in A E, B D, it may be shown in
like manner that the excentricity wiU diminish on the average
of a revolution.

(691.) Thus it appears, that in varying the excentricity,

precisely as in moving the line of apsides, the direct effect

of the tangential force conspires with that of the normal, and
tends to increase the extent of the deviations to and fro on
either side of a mean value which the varying situation of
the sun with respect to the line of apsides gives rise to,

having for their period of restoration a synodical revolution
of the sun and apse. Supposing the sun and apsis to start

together, the sun of course will outrun the apsis (whose
period is nine years), and in the lapse of about (i+ ^-V) part
of a year will have gained on it 90°, during all which interval
the apse wiU have been in the quadrant A E of our figure,
and the excentricity continually decreasing. The decrease
will then cease, but the excentricity itself will be a minimum,
the sun being now at right angles to the line of apsides.
Thence it will increase to a maximum when the sun has
gained another 90°, and again attained the line of apsides, and
80 on alternately. The actual effect on the numerical value
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of the lunar excentricity is very considerable, the greatest

and least excentricities being in the ratio of 3 to 2.*

(692.) The motion of the apsides of the lunar orbit may

be illustrated by a very pretty mechanical experiment, which

is otherwise instructive in giving an idea of the mode m
which orbitual motion is carried on under the action of cen-

tral forces variable according to the situation of the revolving

body. Let a leaden weight be suspended by a brass or iron

wire to a hook in the under side of a firm beam, so as to

allow of its free motion on all sides of the vertical, and so

that when in a state of rest it shall just clear the floor of the

room, or a table placed ten or twelve feet beneath the hook.

The point of support should be well secured from wagging

to and fro by the oscillation of the weight, which should be

sufficient to keep the wire as tightly stretched as it wiU bear,

with the certainty of not breaking. Now, let a very smaU

motion be communicated to the weight, not by merely with-

drawing it from the vertical and letting it fall, but by giving

it a shght impulse sideways. It wHl be seen to describe a

regular ellipse about the point of rest as its center. If the

weight be heavy, and carry attached to it a pencH, whose

point lies exactly in the direction of the string, the elHpse

may be transferred to paper Hghtly stretched and gently

pressed against it. In these circumstances, the situation of

the major and minor axes of the ellipse wiU remain for a long

time very nearly the same, though the resistance of the au-

and the stiffness of the whe wiU gradually diminish its

dimensions and excentricity. But if the impulse com-

municated to the weight be considerable, so as to carry it

out to a great angle (15° or 20° from the vertical), this per-

manence of situation of the elHpse will no longer subsist.

Its axis will be seen to shift its position at every revolution

of the weight, advancing in the same direction with the

weight's uTotion, by an uniform and regular progression,

which at length will enthely reverse its situation, bringing

the direction °of the longest excursions to coincide with that

• Airy, Gravitation, p. 106.



EXPERIMENTAL ILLUSTRATION. 477

in "which the shortest were previously made ; and so on,

round the whole circle
;

and, in a word, imitating to the

eye, very completely, the motion of the apsides of the moon's

orbit.

(693.) Now, if we inquii*e into the cause of this pro-

gression of the apsides, it will not be difficult of detection.

When a weight is suspended by a wire, and drawn aside from

the vertical, it is urged to the lowest point (or rather in a

direction at every instant perpendicular to the wu-e) by a

force which varies as the sine of the deviation of the wire

from the perpendicular. Now, the sines of very small arcs

are nearly in the proportion of the arcs themselves ; and the

more nearly, as the arcs are smaller. If, therefore, the

deviations from the vertical be so small that we may neglect

the cur-\ ature of the spherical surface in which the weight

moves, and regard the curve described as coincident with its

projection on a horizontal plane, it will be then moving

under the same circumstances as if it were a revolving body

attracted to a center by a force varying directly as the

distance ; and, in this case, the curve described would be an

elKpse, having its centre of attraction not in ihe focus, but

in the center *, and the apsides of this ellipse would remain

fixed. But if the excursions of the weight from the vertical

be considerable, the force urging it towards the center will

deviate in its law from the simple ratio of the distances

;

being as the sine, while the distances are as the arc. Now
the sine, though it continues to increase as the arc increases,

yet does not increase so fast. So soon as the arc has any

sensible extent, the sine begins to fall somewhat short of the

magnitude which an exact numerical proportionality would

require ; and therefore the force urging the weight towards

its center or point of rest at great distances falls, in like

proportion, somewhat short of that which would keep the

body in its precise elliptic orbit. It wiU no longer, therefore,

have, at those greater distances, the same command over the
weight, in proportion to its speed, which would enable it to

• Newton, Princip. i. 47.
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deflect it from its rectilinear tangential course into an ellipse.

The true path wliich it describes will be less curved in the

remoter parts than is consistent with the elliptic figure, as in

the annexed cut ;
and, therefore, it wiU not so soon have its

motion brought to be again at right angles to the radius.

It wiU require a longer continued action of the central force

to do this; and before it is accomplished, more than a quadrant

of its revolution must be passed over in

angular motion round the center. But

this is only stating at length, and m a

more ch'cuitous manner, that fact which

is more briefly and summarily expressed

by saying that the apsides of its orbit

. are progressive. Nothing beyond a fami-

liar illustration is of course intended in

what is above said. The case is not an exact parallel with

that of the lunar orbit, the disturbing force being simply

radial, whereas in the lunar orbit a transversal force is also con-

cerned, and even were it otherwise, only a confused and in-

distinct view of apsidal motion can be obtained from this kind

of consideration ofthe curvature of the distm^bed path. If we

would obtain a clear one, the two foci of the instantaneous

ellipse must be found from the laws of elliptic motion per-

formed under the influence of a force directly as the distance,

and the radial disturbing force being decomposed into its

tangential and normal components, the momentaiy influence

of either in altering their positions and consequently the

dkections and lengths of the axis of the eUipse must be

arcertained. The student will find it neither a diflScult nor

an uninstructive exercise to work out the case from these

principles, which we cannot aff"ord the space to do.

(694.) The theory of the motion of the planetary apsides

and the variation of their excentricities is in one point of

view much more simple, but in another much more compHcated

than that of the lunar. It is simpler, because owing to the

exceeding minuteness of the changes operated in the course

of a sino-fe revolution, the angular position of the bodies with

respect °to the line of apsides is very little altered by the
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motion of the apsides themselves. The line of apsides neither

follows up the motion of the disturbing body in its state of

advance, nor vice versa, in any degree capable of pro-

longing materially their advancing or shortening materially

their receding phase. Hence no second approximation of the

kind explained in (art. 686.), by which the motion of the

limar apsides is so powerfully modified as to be actually

doubled in amount, is at aU required in the planetary theory.

On the other hand, the latter theory is rendered more com-
plicated than the former, at least in the cases of planets whose
periodic times are to each other in a ratio much less than 13
to 1, by the consideration that the disturbing body shifts its

position with respect to the line of apsides by a much greater
angular quantity in a revolution of the disturbed body than
in the case of the moon. In that case we were at liberty to
suppose (for the sake of explanation), without any very
egregious error, that the sun held nearly a fixed position
during a single lunation. But in the case of planets whose
times of revolution are in a much lower ratio this cannot be
permitted. In the case of Jupiter disturbed by Saturn for
example, in one sidereal revolution of Jupiter, Saturn has
advanced in its orbit with respect to the line of apsides of
Jupiter by more than 140°, a change of direction which
entirely alters the conditions under Avhich the disturbing
forces act. And in the case of an exterior disturbed by an
interior planet, the situation of the latter with respect to the
line of the apsides varies even more rapidly than the situation
of the exterior or disturbed planet with respect to the central
body. To such cases then the reasoning wliich we have
applied to the lunar perturbations becomes totally inappli-
cable

; and when we take into consideration also the excen-
tricity of the orbit of the disturbing body, which in the most
important cases' is exceedingly influential, the subject becomes
far too complicated for verbal explanation, and can only be
successfully followed out with the help of algebraic expression
and the application of the integral calculus. To Mercury,
Venus, and the earth indeed, as disturbed by Jupiter, and
planets superior to Jupiter, this objection to the reasonin.g ni
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question does not apply; and in each of these cases therefore

we are entitled to conclude that the apsides are kept m a state

of progression by the action of all the larger planets of our

system. Under certain conditions of distance excentnaty

and relative situation of the axes of the orbits of the dxsturoed

and disturbing planets, it is perfectly possible that the reverse

xnay happen^n instance of which is afforded by Venns

whose apsides recede under the combined action of the eai;th

and Mercury more rapidly than they advance under thejomt

actions of III the other planets. Nay .t .s even possib^

under certain conditions that the Ime of apsides of the dis

turbed planet, instead of revolving always in o- d^ec ion

may librate to and fro within assignable hmits, and m a

definite and regularly recurring period of time.

695.-) Under any conditions, however, as to these pai-

ticulars, the view we have above taken of the subject

irbles' us to assign at every instant, and m every con

figuration of the two planets, the momentary effect of each

upon the perihelion and excentricity of the other. In the

• Zplest ca e, that in which the two orbits axe so nearly cn-cular,

hitt rela'tive situation of their

amoreciable difference in the intensities of the disturbmg

Ws it is very easy to show that whatever temporaiy

t Stions to and fro fn the positions of the hue of apsic^.

and whatever temporary ---^
, VTheW efil t

excentricity of either planet may take place, the final eftect

onle average of a great multitude of-o"—
them to eacb other in all possible configurations, must

WetetTo"^ all that is necessary is to cast our

ev on\h?synoiL take in art. 673. K M, the disturbing

S ly be supposed to be successively pl-d in twod—
cal V opposite situations in its orbit, the aphehon of P ^^ d

rV ltod to M in one of these situations precisely as its

common diameter passing through M, or to the line
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syzygies. Hence it follows that the half of P's orbit " about
perihelion" (art. 673.) will stand related to all the actino-

forces in the one situation of M, precisely as the half " about
aphelion " does in the other : and also, that the half of the
orbit in which P " approaches S," stands related to them in
the one situation precisely as the half in which it " recedes
from S " in the other. Whether as regards, therefore, the
normal or tangential force, the conditions of advance or
recess of apsides, and of increase or diminution of excen-
tricities, are reversed in the two supposed cases. Hence it

appears that whatever situation be assigned to M, and what-
ever influence it may exert on P in that situation, that
influence will be annihilated in situations of M and P,
diametricaUy opposite to those supposed, and thus, on a general
average, the effect on both apsides and excentricities is

reduced to nothinar,

(6 9 7. J If the orbits, however, be excentric, the symmetry
above insisted on in the distribution of the forces does not
exist. But, in the first place, it is evident that if the excentri-
cities be moderate, (as in the planetary orbits,) by far the
larger part of the effects of the distui-bing forces destroys
itself in the manner described in the last article, and that "'it

is only a residual portion, viz. that which arises from the
greater proximity of the orbits at one place than at another,
which can tend to produce permanent or secular effects. The
precise estimation of these effects is too compHcated an affair
for us to enter upon ; but we may at least give some idea of
the process by which they are produced, and the order in which
they arise. In so doing, it is necessary to distinguish between
the effects of the normal and tangential forces. The effects
of the former are greatest at the point of conjunction of the
planets, because the normal force itself is there always at its
maximum; and although, where the conjunction takes place
at 90° from the line of apsides, its effect to move the apsides
18 nulhfied by situation, and when in that line its effect on
the excentricities is simUarly nulhfied, yet, in the situations
rectangular to these, it acts to its greatest advantage. On
the other hand, the tangential force vanishes at conjunction,

I I
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^vhatever be the place of conjunction with respect to the hne

Jf apsides, and where it is at its maximum x s effect is still

twe to be annulled by situation. Thus .t appears that

tie normal force is most influential, and mamly determmes

the character of the general effect. It xs, therefore, at con-

uLttn that the most influential effect xs produced, and

le fore, on the long average, those conjunctions whi^h
tlieieiore,

^ ^^^^.^^ ^^^^^^^ ^jl

t tSrchlete. of the effect Now, the

noints of approach of two ellipses wh.ct have a

„„ focus may he very variously situated with respect

rr periMionTf either/ It -nay be at the perihehou or

L a;helion of the disturbed orbit, or in any >u ern,^d.a

•/r. e;nnnose it to be at the perihelion, ihen, ii tne

rredoK ..nV to^^-^^X
outwards, and therefore ^e ^te

«
n u Hh^ does

force acts >™^%^°^\'%~,juuetion take place at

the excentricty change.
J'

^'^^""'J^ „ ^^U be re-

the apheHon of the d-'-J °*V^1 te ei a^d He
versed - if intermediate, the apsides will be less, an

onS^des :na eioentrici.es h^ so as .

alter the point of ueai-est W^^^^^^^^^^^^^^^ of the

to accelerate or retard and Pf 5T'lVc,ntricity a corre-

.psides, and give to~
^Btt trfrman^ planets

spending periodical
"'"ff to gives rise to variations

all dkturbiug one
-^^'^^n^^^oiJihe orbits taken two

in the points of nearest appioacn oi ^
and two together, of a very

any one

(Mq\ It cannot tail to na^c .

^ r 11 0,1 o+tPntively the above reasonings, that

between the excem-ii^ j
. f ^^c, oases present a

-^^«^"t:dtr^fin: "ofTe same

tZr^^ *e ':fation of excentricity is to the motion
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of the perihelion, the change of inclination is to the motion
of the node. In either case, the period of the one is also the
period of the other; and while the perihelia describe consi-

derable angles by an oscillatory motion to and fro, or cir-

culate in immense periods of time round the entire circle,

the excentricities increase and decrease by comparatively

small changes, and are at length restored to their original

magnitudes. In the lunar orbit, as the rapid rotation of the

nodes prevents the change of inclination from accumulating
to any material amount, so the still more rapid revolution of

its apogee effects a speedy compensation in the fluctuations

of its excentricity, and never suffers them to go to any
material extent ; while the same causes, by presenting, in

quick succession the lunar orbit in every possible situation to
all the disturbing forces, whether of the sun, the planets, or
the protuberant matter at the earth's equator, prevent any
secular accumulation of small changes, by which, in the lapse
of ages, its ellipticity might be materially increased or dimi-
nished. Accordingly, observation shows the mean excentri-
city of the moon's orbit to be the same now as in the earliest

ages of astronomy.

(700.) The movements of the perihelia, and variations of
excentricity of the planetary orbits, are interfaced and com-
plicated together in the same manner and nearly by the same
laws as the variations of their nodes and inchnations. Each
acts upon every other, and every such mutual action gene-
rates its own peculiar period of circulation or compensation

;

and every such period, in pursuance of the principle of art,

650., is thence propagated throughout the system. Thus arise

' cycles upon cycles, of whose compound duration, some notion
I may be formed, when we consider what is the length of one
:
such period in the case of the two principal planets— Jupiter

;
and Saturn. Neglecting the action of the rest, the effect of

1
their mutual attraction would be to produce a secular varia-

t tion in the excentricity of Satura's orbit, from 0-08409, its

maximum, to 0-01345, its minimum value : while that of
Jupiter would vary between the narrow limits, 0-06036 and

^ 0-02606
:
the greatest excentricity of Jupiter corresponding
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to the least of Saturn, and vice versd. The period in which

these changes are gone through, would he 70414 years.

After this example, it will he easny conceived that many

millions of years will requke to elapse hefore a complete

fulfihnent of the joint cycle which shaU restore the whole

system to its original state as far as the excentncities of its

orbits are concerned.
i -x •

(701 ) The place of the perihehon of a planets orbit is ot

little consequence to its well-being; but its excentricity is

most hnportant, as upon this (the axes of the orbits bemg

permanent) depends the mean temperature of its suiiace, and

thfe extreme variations to wHch its seasons may be hable

For it may be easily shown that the mean annual amount ot

hcht and heat received by a planet from the sun is, c^^^r^.

paribus, as the minor axis of the ellipse described by it. Any

variation, therefore,in the excentricity, by changing the imnor

axis will alter the mean temperature of the surface How

such a change will also influence the extremes of tempera-

ture appears from art. 368. et seg. Now it may naturally e

nquked whether (in the vast cycle above spoken of, m wbi h

at .ome period or other, consphing changes may accmnulat

on the orbit of one planet from several quarters,) it may not

happen that the excentricity of any one pla-t-^ He ar^

- may become exorbitantly great, so as to subvert those

relations which render it habitable to man, oi- o ^ve se

to great changes, at least, in the physical comfort o^^^^^^

To^his the reseai-ches ^f^-:^:^^^^^^
in the negative. A relation has oeen ue

Lagtnge between the n,a.es, .xes of the orbts. and exce^,-

triiies°of ea«h planet, similar to w''- "^^ave
^^e^f,

stated with respect to their inchnafons, TO. tlmUf the mas

IfZl Vianet L mMiplied iy tU square root of th a.,s of.ts

i H and the product ij the square of its c.ce,Uric.t, he su.

tau Zh Joints throughov, the system is invanalU ;
and

ofalsucni
extremely small, so it will

,n pom of fc*
^

=

„f „e hable

one orbit shall increase its excentnoty, unless at the expends
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of a common fund, the whole amount of which is, and must
for ever remain, extremely minute.*

(701. a.) (1865.) The actual numerical computation of

the limiting excentricities of the plants, taking into ac-

count all their mutual reactions, was attempted by La-
grange in 1782 ; but owing to an erroneous assumption of

the mass of Venus, his results were rendered uncertain. M.
Leverrier, in a remarkable memoir published in 1843, has

resumed the subject with the advantage of perfectly reliable

data, and has obtained the following, as the superior limits of

excentricities of the seven principal then known planets—viz.,

forthat of Mercury, 0-225646; Venus, 0-086716 ; the Earthy

0-077747
; Mars, 0-142243

; Jupiter, 0-061548
;

Saturn,

0-084919; and Uranus, 0-064646. And it is remarkable
that although the erroneous assmnption in question has

vitiated Lagrange's conclusions as to the secular progression

in the magnitudes of the excentricities, the superior limits

ai-rived at by him agree very nearly indeed with these. For
the inferior limit of that of the Earth's orbit, M. Leverrier

assigns 0-003314, being the nearest approach it will make to

the circular form. This will be attained in 23980 years from
the epoch a.d. 1800, for which the calculations are instituted

;

i.e. in a.d. 25780. The triple period of the excentricities of
Jupiter, Saturn, and Uranus, taken as a group, is 900,000
years (imcertain to 4000 + ). The maxima and the minima
of that of Saturn are separated by an interval of 34647
years (uncertain to 117 + ), and its next minimum will

happen in a.d. 17914 at which epoch its value will be
0.0136. In the Appendix the reader will find the elements

of the earth's orbit, calculated for intervals of 10,000 years
from 100,000 years before a.d. 1800 to 100,000 after that
date by M. Leverrier, and the excentricities by Mr. Croll
for 1,000,000 years before and after the same epoch.

* There is nothing in this relation, however, taken per fc, to secure the smaller
planets—Mercury, Mars, Juno, Ceres, &c.—from a catastrophe, could they
accumulate on themselves, or any one of them, the whole. amount of this
excentru-ity fund. But that can never be: Jupiter and Saturn will always retain
* ^"''^

°f
A similar remark applies to the indinationfund of art.

6.S9. 1 hese funds, be it observed, can never get into debt. Every term of
tijtni IS essentially positive.
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CHAPTER XIV.

OP THE INEQUALIIIES INDEPENDENT OF THE EXCENTEICITIE8.

—

THE moon's variation AND PARALLACTIC INEQUALITY.— ANA-

LOGOUS PLANETARY INEQUALITIES.—THREE CASES OF PLANETARY

PERTURBATION DISTINGUISHED.— OF INEQUALITIES DEPENDENT

ON THE EXCENTRIOITIES.— LONG INEQUALITY OP JUPITER AND

SATURN. LAW OF RECIPROCITY BETWEEN THE PERIODICAL VA-

RIATIONS OF THE ELEMENTS OF BOTH PLANETS. — LONG INE-

QUALITY OF THE EARTH AND VENUS.— VARU.TION OF THE EPOCH.

—INEQUALITIES INCIDENT ON THE EPOCH AFFECTING THE MEAN

MOTION.— INTERPRETATION OF THE CONSTANT PART OF THESE'

INEQUALITIES. — ANNUAL EQUATION OF THE MOON.— HER SE-

CULAR ACCELERATION. — LUNAR INEQUALITIES DUE TO THE AC-

TION OP VENUS.— EFFECT OF THE SPHEROIDAL FIGURE OF THE

EARTH AND OTHER PLANETS ON THE MOTIONS OF THEIR SATEL-

LITES. — OF THE TIDES. — MASSES OF DISTURBING BODIES DE-

DUCIBLE FROM THE PERTURBATIONS THEY PRODUCE.— MASS OP

THE MOON, AND OF JUPITER'S SATELLITES, HOW ASCERTAINED.—

PERTURBATIONS OF URANUS RESULTING IN THE DISCOVERY OF

NEPTUNE. — DETERMINATION OF THE ABSOLUTE MASS AND

DENSITY OF THE EARTH.

(702.) To calculate the actual place of a planet or the

inoon, in longitude and latitude at any assigned time, is

not enough to know the changes produced by perturbation

in Ihe elements of its orbit, still less to know the secular

chano-es 6o produced, which are only the outstanding or

uncompensated portions of mudh greater changes induced m

short periods of configuration. We must be enabled to

estimate the actual effect on its longitude of those periodical

accelerations and retardations in the rate of its mean angular

motion, and on its latitude of those deviations above and below

.the mean plane of its orbit, which result from the continued

action of the perturbative forces, not as compensated in long

periods, but as in the act of their generation and dostructiou



COMPOUND MOTION OF THE UPPER FOCUS. 487

in short ones. In this chapter we purpose to give an account

of some of the most prominent of the equations or ineciuahties

thence arising, several of which are of high historical mterest,

as havino- become known by observation previous to the

discovery°of their theoretical causes, and as havmg, by their

successive explanations from the theory of gravitation re-

moved what were m some mstances regarded as formidable

objections against that theory, and afforded m aU most

satisfactory and triumphant verifications of it.

(703 ) We shall begin with those which compensate them-

selves in a synodic revolution of the disturbed and distiurbmg

body and which are independent of any permanent ex-

centricity of either orbit, going thi-ough their- changes and

effecting their compensations in orbits shghtly elliptic, almost

precisely as if they were circular. These inequalities result,

m fact, from a circulation of the true upper focus of the

disturbed ellipse about its mean place m a curve whose

form and magnitude the principles laid down m the last

chapter enable us to assign in any proposed case. If the

disturbed orbit be circular, this mean place coincides with its

centre : if elliptic, with the situation of its upper focus, as

determined from the principles laid down in the last chapter.

(704.) To understand the nature of this circulation, we

must consider the joint action of the two elements of the

disturfii^o- force. Suppose H to be the place of the upper

focus, corresponding to any situation P of the disturbed body,
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and let P P' be an infinitesimal element of its orbit, de-

scribed in an instant of time. Then supposing no disturbing

force to act, P P' will be a portion of an eUipse, having H for

its focus, equaUy whether the point P or P' be regarded.

But now let the disturbing forces act during the mstant of

describing P P'. Then the focus H will shift its position to

H' to find which point we must recollect, 1st. What is demon-

strated in art. (671.), viz. that the effect of the normal

force is to vary the position of the line P' H so as to make

the ano-le H P H' equal to double the variation of the angle

of tan °ency due to the action of that force, without altering

the distance P H : so that in virtue of the normal force alone,

H would move to a point h, along the line H Q, drawn from

H to a point Q, 90° in advance of P, (because S H bemg

exceedino-ly smaU, the angle P H Q may be taken as a right

ancle when P S Q is so,) H approaching Q if the norma

forl^e act oidwards, but receding from Q if inwards. And

simHarly the effect of the tangential force (art. 670.) is to

vary the position ofH in the direction H P or P H, accordi^

as the force retards or accelerates P's motion. To find hi

then from H draw HP, HQ, to P and to a point of Ps

orbit 90° in advance of P. On H Q take H h, the motion

of the focus due to the normal force, and on H P take H k the

motion due to the tangential force; complete the parallelogram

H H', and its diagonal H H' will be the element of the true

path of H in virtue of the joint action of both forces.

(705.) The most conspicuous case in the planetaiy system

to which the above reasoning is applicable, is that of_ the

moon disturbed by the sun. The inequaUty thus ansmg

is known by the name of the moon's variation, and was dis-

covered so early as about the year 975 by the AraW

astronomer Aboul Wefa.* Its magnitude (or the extent oi

fluctuation to and fro in the moon's longitude which it pro-

duces) is considerable, being no less than 1 4, and it is

otherwise interesting as being the first mequahty produced

by perturbation, which Newton succeeded m explaimng by

* Sedlllot, Nouvelles Recherches pour servir a rHistoire de l'Astronomic chc.-.

les Arabes.
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the theory of gravity. A good general idea of its nature
may be formed by considering the dii-ect action of the
disturbing forces on the moon, supposed to move in a circular
orbit. In such an orbit undisturbed, the velocity would be
uniform

;
but the tangential force actmg to accelerate her

motion through the quadrants preceding her conjunction and
opposition, and to retard it through the alternate quadrants.
It is evident that the velocity wiU have two maxima and two
minima, the former at the syzygies, the latter at the quadi'a-
tures. Hence at the syzygies the velocity will exceed that
which corresponds to a cu-cular orbit, and at quadratures will
fall short of it. The true orbit will therefore be less curved
or more flattened than a circle in syzygies, and more curved
{t. e. protuberant beyond a circle) in quadratures. This would
be the case even were the normal force not to act. But the
action of that force mcreases the effect in question, for at the
syzygies, and as far as 64° 14' on either side of them, it acts
outwards, or in counteraction of the earth's attraction, and
thereby prevents the orbit from bemg so much curved as it
otherwise would be

; whHe at quadratures, and for 25° 46' on
either side ofthem, it acts inwards, aiding the earth's attraction
and rendermg that portion of the orbit more ciu^ved than it
otherwise would be. Thus the joint action of both forces
distorts^fehe orbit from a circle into a flattened or elliptic
foim, haying the longer axis m quadi'atures, and the shorterm syzygies; and in this orbit the moon moves faster than
with her mean velocity at syzygy (i. e. where she is nearest the
earth) and slower at quadratures where farthest. Her an
cjular motion about the earth is therefore for both reasons
greater m the former than in the latter situation. Hence atsyzygy her true longitude seen from the earth will be m the
act of gaining on her mean,-.b quadratures of losing, and
at some intermediate points (not very remote from theoctants) will neither be gaining nor losing. But at these

^'o^ qn°''l? ^"'"'"^ ^'''''y ^l^ole pre-

maxLu
' *^'p""^""' '^Sain or loss will have attained itsmaxmium Consequently at the octants the true longitude^Mll deviate most from the mean in excess and defect,L the
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inequality in question is therefore nU at syzygies and qua-

dratures, and attains its maxima in advance or retardation at

the octants, which is agreeable to observation.

(706.) Let us, however, now see what account can be

rendered of this inequality by the simultaneous variations of

the axis and excentricity as above explained. The tangen-

tial force, as will be recollected, is nU at syzygies and quadra-

tiu-es, and a maximum at the octants, accelerative in the

quadrants EA and D B, and retarding in AD and BE. In

the two former then the axis is in process of lengthemng ;
m

the two latter, shortening. On the other hand the normal

force vanishes at {a, b, d, e) 64° 14' from the syzygies. It

acts outwards over eAa^bBd, and inwards over aD b and

rfEe In virtue of the tangential force, then, the point H

moves towards P when P is in AD, BE, and from it

when in DB,E A, the motion being nil when at A,i5,U,i^,

and most rapid when at the octant D, at which points^

therefore, (so far as this force is concerned,) the focus H

would have its mean situation. And in vh:tue of the normal

focus, the motion of H in the direction HQ will be at its

maximum of rapidity towards Q at A, or B, from Q at D or

E and nil at a, b, d, e. It will assist us in following out

these indications to obtain a notion of the form of the curve
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really described by H, if Ave trace separately the paths Avhich

H would pursue in virtue of either motion separately, since
its true motion will necessarily result from the superposition
of these partial motions, because at every instant they are
at right angles to each other, and therefore cannot interfere.

First, then, it is evident, from what we have said of the
tangential force, that when P is at A, H is for an instant at

rest, but' that as P removes from A towards D, H continually

approaches P along their line of junction H P, which is,

therefore, at each instant a tangent to the path of H. When
P is in the octant, H is at its mean distance from P (equal to

PS), and is then in the act of approaching P most rapidly.

From thence to the quadrature D the movement of H to-
wards P decreases in rapichty till the quadrature is attained,
Avhen H rests for an instant, and then begins to reverse its

motion, and travel from P at the same rate of progress as
before toioards it. Thus it is clear that, in virtue of the
tangential force alone, H would describe a four-cusped
curve a, d, b, e, its direction of motion round S in this curve
being opposite to that of P, so that A and a, D and d, B and
h, E and e, shall be corresponding points.

(707.) Next as regards the normal force. When the

B

IS at A the motion of H is towards D, and is at its
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maximum of rapidity, but slackens as P proceeds towards D

and as Q proceeds towards B. To the curve described, HQ
will be always a tangent, and since at the neutral point of

the normal force (or when P is 64° 14' from A, and Q 64

14' from D), the motion of H is for an instant nU and is then

reversed, the curve wiU have a cusp at I corresponding, and

H will then begin to travel along the arc I m, while P de-

scribes the corresponding arc from neutral point to neutral

point through D. Arrived at the neutral point between D

and B, the motion of H along QH will be again arrested

and reversed, giving rise to another cusp at m, and so on.

Thus, in virtue of the normal force acting alone, the path ot

H would be the four-cusped, elongated curve Zmno, de-

scribed with a motion round S the reverse of P's, and having

a, d, h, e for points corresponding to A, B, D, E, places

of P.

(708 )
Nothing is now easier than to superpose these mo-

tions. Supposing H^, H, to be the points in either curve cor-

responding to P, we have nothing to do but to set from off b, hk

equal and parallel to S H, in the one curve and from /i, h K

equal and parallel to SH, in the other. Let this be done

for every corresponding point in the two curves, and there

results an oval curve ad be, having for its senuaxes ba_

+ Sa, ; and ^d^ Sd, + Sd,. And this will be the true path

of the upper focus, the points a, d, h, e, correspondmg to

A, D, B, E, places of P. And from this it foUows, 1st,

that at A, B, the syzygies, the moon is in perigee in her mo-

mentary ellipse, the lower focus being nearer than the upper.

2dly, That in quadratures D, E, the moon is in apogee m her

then momentary eUipse, the upper focus being then nearer
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than the lower. 3dly, That H revolves in the oval ad be
the contrary way to P in its orbit, making a complete revo-

lution from sjzjgy to syzygy in one synodic revolution of

the moon.

(709.) Taking 1 for the moon's mean distance from the

earth, suppose we represent Sai or Sc?i (for they are equal)

by 2a, Sa^ by 2b, and Srfg by 2c, then will the semiaxes

of the oval ad be, Sa and Sd be respectively 2a + 2b and
2a + 2c, so that the excentricities of the momentary ellipses

at A and D will be respectively a + b and a + c. The total

amount of the effect of the tangential force on the axis, in

passing from syzygy to quadrature, will evidently be equal

to the length of the curvilinear arc a, d^ {Jiff. art. 708.),

which is necessarily less than Sa^ + Srf, or 4a. Therefore the

total effect on the semiaxis or distance of the moon is less than
2a, and the excess and defect of the greatest and least values

of this distance thus varied above and below the mean value

S A= l (which caU a) will be less than a. The moon then
is moving at A in the perigee of an ellipse whose semiaxis is

1 + a and excentricity a + b,m that its actual distance from
the earth there is 1 + «— a— J, which (because a is less than
a) is less than \— b. Again, at D it is moving in apogee of

1h» ellipse whose semiaxis is 1 — « and excentricity q + c, so
that its distance then from the earth is \ — a.-{-a+ c, which
(a being greater than «) Is greater than 1 + c, the latter

distance exceeding the former by 2a — 2a.-\-b + c.

(710.) Let us next consider the corresponding changes in-

duced upon the angular velocity. Now it is a law of elliptic

motion that at different points of differentellipses, each differ-

ing very little from a circle, the angular velocities are to each
other as the square roots of the semiaxes directly, and as the
squares of the distances inversely. In this case the semiaxes
at A and D are to each other as 1 +« to 1— «, or as 1 : 1
— 2a, so that their square roots are to each other as 1 : 1 — «.

.
Agam, the distances being to each other asl+a—a— 5 : l_
a + a + c, the inverse ratio of their squares (since «, a, b, c,

are all very small quantities) is that of 1 -2a + 2a + 2e : 1
-}-'

2u-2a-2b, or as I : \ -Aa-2b-2c. The angular
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velocities then are to each other in a ratio ccmpounded of

these two proportions, that is in the ratio of

1 : i4-3a—4a— 2^*— 2c,

which is evidently that of a greater to a less quantity. It is

obvious also, from the constitution of the second term of this

ratio, that the normal force is far more influential m pro-

ducing this result than the tangential.

(711.) In the foregoing reasoning the sun has been re-

garded* as fixed. Let us now suppose it in motion (in a

circular orbit), then it is evident that at equal angles^ of

elongation (of P from M seen from S), equal disturbmg

forces, both tangential and normal, will act :
only the syzygies

and quadratures, as well as the neutral points of the normal

force, instead of being points fixed in longitude on the orbit

of the moon, will advance on that orbit with a unifonn angular

motion equal to the angular motion of the sun. The cus-

pidated curves a,d,h,e, and a,d,h,e„ Jig. art. 708, wil

,

therefore, no longer be re-entering curves; but eadi will

have its cusps screwed round as it were m the dnection of

the sun's motion, so as to mcrease the angles between them

ia the ratio of the synodical to the sidereal revolution of the

moon (art. 418.). And if, in like manner, the motions m

these two curves, thus separately described by H, be com-

pounded, the resulting curve, though still (loosely speaking) a

species of oval, will not return into itself, but v. A\ make

successive spiroidal convolutions about S, its farthest and

nearest points being in the same ratio more than 90 asunder.

And to this movement that of the moon herself will conform,

describing a species of elliptic spiroid, having its least dis-

tances always in the line of syzygies and its greatest m that

of quadratures. It is evident also, that, owing to the longer

continued action of both forces, i.e. owing to the greater

arc over which their intensities increase and decrease by

equal steps, the branches of each curve between the cusps

will be longer, and the cusps themselves will be more remote

from S, and in the same degree will the dimensions of the

vesultinc oval be enlarged, and with them the amount of the

inequality in the moon's motion which they represent.
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(712.) In the above reasoning the sun's distance is sup-

posed so great, that the disturbing forces in the semi- orbit

nearer to it shall not sensibly differ from those in the more

remote. The sun, however, is actually nearer to the moon
in conjunction than in opposition by about one two-hundredth

part of its whole distance, and this suffices to give rise to a

veiy sensible inequality (called the parallactic inequality)

in the lunar motions, amounting to about 2' in its effect on

the moon's longitude, and having for its period one synodical

revolution or one lunation. As this inequality, though

subordinate in the case of the moon to the great inequality

of the variation with which it stands in connexion, becomes

a prominent feature in the system of inequalities correspond-

ing to it in the planetary perturbations (by reason of the

very great variations of their distances from conjunction to

opposition), it will be necessary to indicate what modifica-

tions this consideration will introduce into the forms of our

focus curves, and of their superposed oval. Recurring then

to our figures in art. 706, 707., and supposing the moon to set

out from E, and the upper focus, in each curve from e, it is

evident that the intercuspidal arcs e a, a d, in the one, and
e p, p al, I d,m the other, being described under the influence

of more powerful forces, will be greater than the arcs d b,

b e, and dm, mb n, ne corresponding in the other half revo-

ition. The two extremities of these curves then, the initial

nd terminal places of e in each, will not meet, and the same
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conclusion wUl liold respecting those of the compound oval

in which the focus reaUy revolves, which will, therefore, be

as in the annexed figure. Thus, at the end of a complete

lunation, the focus will have shifted its place from e to / in a

line parallel to the line of quadratm-es. The next revolution,

and the next, the same thing would happen. Meanwhile,

however, the sun has advanced in its orbit, and the Ime of

quadratures has changed its situation by an equal angular

motion. In consequence, the next terminal situation (^) of

the forces will not lie in the line ef prolonged, but in a line

parallel to the new situation of the line of quadi-atures, and

this process continuing, will evidently give rise to a move-

ment of cu-culation of the point e, round a mean situation m

an annual period; and this, it is evident, is equivalent to

an annual circulation of the central point of the compound

oval itself, in a smaU orbit about its mean position S. Thus

we see that no permanent and indefinite increase of excen-

tricity can arise from this cause ; which would be the case,

however, but for the annual motion of the sun.

(713.) Inequalities precisely shnilar in principle to the

variation and parallactic inequality of the moon, though

crreatly modified by the different relations of the dmiensions

of the orbits, prevail in all cases where planet disturbs planet.

To what extent tHs modification is carried will be evident,

if we cast our eyes on the examples given m art. 612., where

it will be seen that the disturbing force in conjunction often

exceeds that in opposition in a very high ratio, (bemg m the

case of Neptune disturbing Uranus more than ten tunes as

o-reat). The eff-ect wUl be, that the orbit described by the

center of the compound oval about S, wiU be much greater

relatively to the dimensions of that oval itself, than m the

case of the moon. Bearing in mind the nature and import

of this modification, we may proceed to enqun-e, apart from

it into the number and distribution of the undulations m t^ie

contour of the oval itself arising from the alternations of di-

rection plus and minus of the disturbi^ng forces in the course of

a Bvnodic revolution. But first it should be mentioned tha ,

in the case of an exterior disturbed by an mtenor planet.



ANALOGOUS PLANETARY DISTURBANCES. 497

the disturbing body's angular motion exceeds that of the dis-

turbed. Hence P, though advancing in its orbit, recedes
relatively to the line of syzygies, or, which comes to the same
thing, the neutral points of either force overtake it in suc-
cession, and each, as it comes up to it, gives rise to a cusp in
the corresponding /oczis curve. The angles between the suc-
cessive cusps will therefore be to the angles between the cor-

responding neutral points for a fixed position of M, in the
same constant ratio of the synodic to the sidereal period of P,
which however is now a ratio of less inequality. These
angles then will be contracted in amplitude, and, for the same
reason as before, the excursions of the focus will be dimi-
nished, and the more so the shorter the synodic revolution.

(714.) Since the cusps of either curve recur, in successive
synodic revolutions in the same order, and at the same
angular distances from each other, and from the line of con-
junction, the same will be true of all the corresponding points
in the ciu-ve resulting from their superposition. In that
curve, every cusp, of either constituent, will give rise to
a convexity, and every intercuspidal arc to a relative con-
cavity. It is evident then that the compound curve or
true path of the focus so residting, but for the cause above
mentioned, would return into itself, whenever the periodic
times of the disturbing and disturbed bodies are com-
mensurate, because in that case the synodic period will also
be commensurate with either, and the arc of lono-itude

*

intercepted between the sidereal place of any one conjunction,
and that next following it, will be an aliquot part of 360",

K K
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In all Other cases it ^yould be a non-reentering, more or less

undulating and more or less regular, splroid, according o the

number of cusps in each of the constituent curves (that .8 to

say, according to the number of neutral pomts or changes of

dir ction from inwards to outwards, or from aeceleratmg to

retarding, and.ic. versa, of the normal and tangential forces,

^ a complete synodic revolution, and their d^tnbutxon over

the circumference. . .

(715 ^ With regard to these changes, it is necessary to

distinguish three cases, in which the perturbations of planet

t pknet are very distinct in character. IsL When the

dfsturbin. planet is exterior. In this case there are four

"points of either force. Those of the tangentxa force

1cm .t the sy^ygies, and at the pomts of the dxstm-bed orbit

ZZC^l sZlU.^^ points of equidistance) equidistant from

he sun and the disturbing planet (at which points, as we

have shown (art. 6U.), the total disturbmg orce . alw.y

directed inwards towards the sun). Those of the normal

"ccur at points intei^ediate between these la.t men-

joints, and the syzygies, which, if the dist^^^^^^^^^

be ..r/ distant, hold nearly the situation they do n he lunar

theorv i e considerably nearer the quadi-atures than the

yzy^L In proportion' as the distance of the distui^mg

SLfd minislL,'two of these points, viz those nearest the

planet u
syzygy, and m

rS;:rcLt rnto°U.en.o.s of o.bHs e,„al,

TneV^^etcond ca.e is iUi m .Inch the <listuvbbg

greater than hatf
f,,,,, only two

-f""-t^Crof 4e -gentlal force occur at the

of the normal Those o th o
^^^^^ ^^^^^^

syzyg.es, and at the pomts ot

q^^^^^ ^^^^^ ^^^^

the distuAed body f~J
^^^^^ ^

after „ezt point of eqnidistance,

thence agam ards it to
^ 1

eonjunction. As
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distance approach : their distance from syzygy from 60° (the

extreme case) diminishing to nothing, when they coincide with
each other, and with the conjunction. In the esse of Saturn
disturbed by Jupiter, that distance is only 23° 33'. The
neutral points of the normal force lie somewhat beyond the

quadratures, on the side of tlie opposition, and do. not undergo

any very material change of situation with the contraction

of the disturbing orbit.

(717.) The third case is that in which the diameter of the

disturbing interior orbit is less than half that of the disturbed.

In this case there are only two points of evanescence for

either force. Those of the tangential force are the syzygies.

The disturbed planet is accelerated throughout the whole
semi-revolution from conjunction to opposition, and retarded

from opposition to conjunction, the maxima of acceleration

and retardation occurring not far from quadi^atm-e. The
neutral points of the normal force are situated nearly as in

the last case ; that is to say, beyond the quadratures towards
the opposition. All these varieties the student will easily

trace out by simply drawing the figures, and resolving the

forces in a series of cases, beginning with a very large and
ending with a very small diameter of the disturbing orbit.

It will greatly aid him in unpressing on his imagination the

general relations of the subject, if he construct, as he proceeds,

for each case, the elegant and symmetrical ovals in which the
points N and L {Jig. art. 675.) always lie, for a fixed position

K K 2
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of M, and of whicli the annexed figure expresses the forms

they respectively assume in the third case now under consi-

deration. The second only differs from this, in having the

common vertex m of both ovals outside of the disturbed orbit

A P, while in the case of an exterior disturbing planet the

oval m L assumes a four-lobed form ; its lobes respectively

touching the oval m N in its vertices, and cutting the orbit

A P in the points of equidistance and of tangency, (i. e. where

M P S is a right angle) ^is in this figure.

(718.) It would be easy now, bearing these features in mind,

to trace in any proposed case the form of the spiroid curve,

described, as above explained, by the upper focus. It wHl

suffice, however, for our present purpose to remark, 1st, That

between every two successive conjunctions of P and M the

same general form, the same subordinate undulations, and the

same terminal displacement of the upper focus are continually

repeated. 2dly, That the motion of the focus in tlus curve

is retrograde whenever the disturbing planet is exterior, and

that in consequence the apsides of the momentary eUipse also

recede, with a mean velocity such as, but for that dis-

placement, would bring them round at each conjunction to

the same relative situation with respect to the Hue of syzygies.

3dly, That in consequence of this retrograde movement of the

apse, the disturbed planet, apart from that consideration,

would be twice in periheho and twice in apheUo in its

momentaiy ellipse in each synodic revolution, just as in the

case of the moon disturbed by the sun— and that in

consequence of this and of the undulating movement ot

the focus H itself, an inequality will arise, analogous,
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mutatis mutandis in each case, to the moon's variation, under
which term we comprehend (not exactly in conformity to its

strict technical meaning in the lunar theory) not only the

principal inequality thus arising, but all its subordinate fluc-

tuations. And on this the parallactic inequality thus violently

exaggerated is superposed.

(719.) We come now to the class of inequalities which
depend for their existence on an appretiable amount of per-

manent excentricity in the orbit of one or of both the dis-

turbing and disturbed planets, in consequence of which all

their conjunctions do not take place at equal distances either

from the central body or from each other, and therefore thali

symmetry in every synodic revolution on which depends the
exact restoration of both the axis and excentricity to their

original values at the completion of each such revolution no
longer subsists. In passing from conjunction to conjunction,

then, there will no longer be effected either a complete re-

storation of the upper focus to the same relative situation, or
of the axis to the same length which they respectively had at

the outset. At the same tune it is not less evident that the
differences in both respects are only what remain outstanding
after the compensation of by far the greater part of the de-
viations to and fro from a mean state which occur in the course
of the revolution ; and that they amount to but small fractions

of the total exciu'sions of the focus from its first position, or
of the increase and decrease in the length of the axis effected

by the direct action of the tangential force,— so small; indeed,
that, unless owing to peculiar adjustments they he enabled
to accumulate again and again at successive conjunctions in
the same direction, they would be altogether undeserving of
any especial notice in a work of tliis nature. Such adjust-

ments, however, would evidently exist if the periodic times
of the planets were exactly commensurable ; since in that case
all the possible conjunctions which could ever happen (the
elements not bemg materially changed) would take place at
fixed pomts in langitude, the intermediate points being never
visited by a conjunction. Now, of the conjunctions thus
distnbuted, their relations to the lines of symmetry in the
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orbits being all dissimilar, some one must be more influential

than the rest on each of the elements (not necessarily the

same upon all). Consequently, in a complete cycle of con-

, junctions, wherein each has been visited in its turn the

influence of that one on the element to which it stands so

especially related will preponderate over the counteractmg

and compensating influence of the rest, and thus, although

in such a cycle as above specified, a further and much more

exact compensation will have been eff-ected in its value than

in a sincrle revolution; still that compensation wiU not be

completed but a portion of the effect (be it to increa^ or to

dhnlnish the excentricity or the axis, or to cause the apse

to advance or to recede,) wfll remain outstandmg. In the

next cycle of the same kind this will be repeated, and the

result will be of the same character, and so on, till at length

a sensible and ultinmtely a large amount of change shall have

taken place, and in fact until the axis (and with it the mean

motion) shall have so altered as to destroy the commensui-a-

bility of periods, and the apsides have so shifted as to alter

the place of the most influential conjunction.
_

(720 ) Now, although it is true that the mean motions ot

no two planets are exactly commensurate, yet cases ai'e not

.yantino- in which there exists an approach to this adjustment.

For instance, in the case of Jupiter and Saturn a cycle

composed of five periods of Jupiter and two of Saturn,

although it does not exactly bring about the same configm-ation

does so pretty nearly. Five periods of Jupiter
-^f

21663

days, and two periods of Saturn, 21519 days. The difference

is only 146 days, in wliich Jupiter describes, on an average,

12° and Saturn about 5° ; so that after the lapse of the

former interval they wiH only be T from a conjunction m

the same parts of their orbits as before. I we calculate the

time which will exactly bring about on the

-^^^^^^^^^ll
conjunctions of the two planets, we shall find it to be 21760

days their synodical period being 7253-4 days. In Ins

tSv^ SatuL will have described 8° 6' in excess of two

sidereal revolutions, and Jupiter the angle m excess of

five Every third conjunction, then, will take place 8 6 m
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advance of the preceding, which is near enough to establish,

not, it is true, an identity with, but still a great approach to

the case in question. The excess of action, for several such

triple conjunctions (7 or 8) in succession, will he the same

way, and at each of them the elements of P's orbit and its

angular motion will be similarly influenced, so as to accumu-

late the efi*ect upon its longitude ; thus giving rise to an

irregularity of considerable magnitude and very long period,

which is well known to astronomers by the name of the great

inequahty of Jupiter and Saturn.

(721.) The arc 8° 6' is contained 44| times in the whole

circumference of 360°; and accordingly, if we trace round
'

this particular conjunction, we shall find it will return to the

same point of the orbit in so many times 21760 days, or in

2648 years. But the conjvinction we are now considering is

only one out of three. The other two will happen at points

of the orbit about 123° and 246° distant, and these points also

will advance by the same arc of 8° 6' in 21760 days. Con-

sequently the period of 2648 years will bring them all round,

and in that interval each of them will pass through that point

of the two orbits from which we commenced : hence a con-

Junction (one or other of the three) will happen at that point

once in one third of this period, or in 883 years ; and this is,

therefore, the cycle in which the " great inequality " would
undergo its full compensation, did the elements of the orbits

continue all that time invariable. Their variation, however,

is considerable in so long an interval
; and, owing to this

cause, the period itself is prolonged to about 918 years.

(722. ) We have selected this inequahty as the most remark-

able instance of this kind of action on account of its magnitude,

the length of its period, and its high historical interest. It

had long been remarked by astronomers, that on comparing

together modem with ancient observations of Jupiter and
Saturn, the mean motions of these planets did not appear to

be uniform. The period of Saturn, for instance, appeared to

have been lengthening throughout the whole of the seven-

teenth century, and that of Jupiter shortening— that is to

say, the one planet Avas constantly lagging behind, and the
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Other getting in advance of its calculated place. On the other

hand, in the eighteenth century, a process precisely the reverse

seemed to be going on. It is true the whole retardations

and accelerations observed were not very great
;
but, as their

influence went on accumulating, they produced, at length,

material dilFerences between the observed and calculated

places of both these planets, which as they could not then be

accounted for by any theory, excited a high degree of attention,

and were even, at one time, too hastily regarded as ahnost

subversive of the Newtonian doctrine of gravity. For a long

while this difference baffled every endeavour to account for

it ; till at length Laplace pointed out its cause in the near

commensurability of the mean motions, as above shown, and

succeeded in calculating its period and amount.
^

(723 ) The inequahty in question amounts, at its maximum,

to an alternate gain and loss of about 0° 49' in the longitude

of Saturn, and a corresponding loss and gain of about 0 21

in that of Jupiter. That an acceleration in the one planet

must necessarily be accompanied by a retardation m the other,

mio-ht appear at first sight self-evident, if we consider, that

action and reaction bemg equal, and in contrary directions,

whatever momentum Jupiter communicates to Saturn m the

direction P M, the same momentum must Saturn communicate

to Jupiter in the direction M P. The one, therefore, it might

seem to be plausibly argued, will be dragged forward,

whenever the other is pulled back in its orbit. The inference

is correct, so far as the general andfinal result goes ;
but the

reasoning by which it would, on the first glance, appear to be

thus summarily estabhshed is fallacious, or at least incomplete.

It is perfectly true that whatever momentum Jupiter com-

municates directly to Saturn, Saturn communicates an equa

momentum to Jupiter in an opposite linear direction.
^

But it

is not with the absolute motions of the two planets m space

that we are now concerned, but with the relative motion of

each separately, with respect to the sun regarded as at rest.

The perturJve forces (the forces which disturb these relative

motions) do not act along the line of junction of the planets

^ 614 ) In the reasoning thus objected to, the attraction
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of each on the sun has been left out of the account * and it

remains to be shown that these attractions neutrahze and
destroy each other's effects in considerable periods of time,

as bearing upon the result in question. Suppose then that

we for a moment abandon the point of view, in which we
have hitherto all along considered the subject, and regard the

sun as free to move, and liable to be displaced by the attrac-

tions of the two planets. Then will the movements of all be
performed about the common center of gravity, just as they
would have been about the sun's center regarded as immo-
veable, the sun all the while circulating in a small orbit (with

a motion compounded of the two elliptic motions it would
have in virtue of their separate attractions) about the same
center. Now in this case M still disturbs P, and P, M, but
the whole disturhing force now acts along their line ofjunction,

and since it remains true that whatever momentmn M gene-
rates in P, P wiU generate the same in M in a contrary

direction ; it will also be strictly true that, so far as a distiirb-

ance of their elliptic motions about the common center of
gravity of the system is alone regarded, whatever disturbance
of velocity is generated in the one, a contrary disturbance of
velocity (only in the inverse ratio of the masses and modified,
though never contradicted, by the directions in which they
are respectively moving), will be generated in the other.

Now when we are considering only inequalities of long period
comprehending many complete revolutions of both planets,
and which arise from changes in the axes of the orbits,

affecting their mean motions, it matters not whether we
suppose these motions performed about the common center
of gravity, or about the sun, which never departs from
that center to any material extent (the mass of the sun
being such in comparison with that of the planets, that
that center always lies within his surface). The mean motion

We are here reading a sort of recantation. In the edition of 183;) the
remarkable result in question is sought to be established by this vicious reason-
ing. Ihe mistake is a very natural one, and is so apt to haunt the ideas of
beginners in this department of physics, that it is worth while expressly to warnthem against it.

r < 4u
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therefore, regarded as the average angular velocity during a

revolution, is the same whether estimated by reference to the

sun's center, or to the center of gravity, or, in other words,

the relative mean motion referred to the sun is identical with

the absolute mean motion referred to the center of gravity.

(724.) This reasoning applies equally to every case of

mutual disturbance resulting in a long inequality such as may

arise from a slow and long-continued periodical increase and

diminution of the axes, and geometers have accordingly

demonstrated as a consequence from it, that the proportion

in which such inequalities alFect the longitudes of the two

planets concerned, or the maxima of the excesses and defects

of their longitudes above and below their elliptic values,

thence arising, in each, are to each other in the inverse ratio

of their masses multiplied by the square roots of the major

axes of their orbits, and this result is confirmed by observ-

ation, and will be found verified in the instance immediately

in question as nearly as the uncertainty still subsistmg as to

the masses of the two planets will permit.

(725.) The inequaHty in question, as has been observed in

general, (art. 718.) would be much greater, were it not for the

partial compensation which is operated in it in every triple

conjunction of the planets. Suppose

P Q R to be Satui-n's orbit, and

pqr Jupiter's; and suppose a con-

junction to take place at P p, on the

line S A ; a second at 123° distance,

on the line SB ; a third at 246° dis-

tance, on S C ; and the next at 368°,

on SD. This last-mentioned con-

junction, talcing place nearly in the

situation of the first, will produce
^

nearly a repetition of the first effect in retarding or acceleratmg

the planets; but the other two, being in the most remote

situations possible from the first, will happen under entirely

different circumstances as to the position of the penheha ot

the orbits. Now, we have seen that a presentation of the one

planet to the other in conjunction, in a variety of situations,
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tends to produce compensation
;
and, in fact, the greatest

possible amount of compensation which can be produced by
only thi-ee conjunctions is when they are thus equally dis-

tributed round the center. Hence we see that it is not the

whole amount of perturbation which is thus accumulated in

each triple conjunction, but only that small part which is left

uncompensated by the intermediate ones. The reader, who
possesses already some acquaintance with the subject, will

not be at a loss to perceive how this consideration is, in fact,

equivalent to that part of the geometrical investigation of this

inequality which leads us to seek its expression in terms of

the thu'd order, or involving the cubes and products of three

dimensions of the excentricities and inclinations ; and how
the continual accumulation of small quantities, during long
periods, corresponds to what geometers intend when they
speak of small terms receiving great accessions of magnitude
by the introduction of large coefficients in the process of
integration.

(726.) Similar considerations apply to every case of ap-
proximate commensurability which can take place among the
mean motions of any two planets. Such, for instance, is that
which obtains between the mean motion of the earth and
Venus,— 13 times the period of Venus being very nearly
equal to 8 times that of the earth. This gives rise to an ex-
tremely near coincidence of every fifth conjunction, in the
same parts of each orbit (within gio*^ P^=L't of a circum-
ference), and therefore to a correspondingly extensive accu-
mulation of the resulting uncompensated perturbation. But,
on the other hand, the part of the perturbation thus accu-
mulated is only that which remains outstanding after passing
the equalizing ordeal of five conjunctions equally distributed
round the circle

; or, in the language of geometers, is de-
pendent on powers and products of the excentricities and
inclinations of the fifth order. It is, therefore, extremely
mmute, and the whole resulting inequality, according to the
elaborate' calculations of Mr. Airy, to whom it owes its de-
tection, amounts to no more than a few seconds at its maximum,
wliile its period is no less than 240 years. This example will
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serve to sliow to wliat minuteness these enquiries have been

carried in the planetary theory.

(727.) That variationu of long period arising in the way

above described are necessarily accompanied by similarly

periodical displacements of the upper focus, equivalent in their

effect to periodical fluctuations in the magnitude of the

excentricity, and in the position of the line of apsides, is

evident from what has been abeady said respecting the motion

of the upper focus under the influence of the disturbing forces.

In the case of circular orbits the mean place of H coincides

with S the center of the sun, but if the orbits have any inde-

pendent elHpticity, this coincidence will no longer exist— and

the mean place of the upper focus will come to be inferred

from the average of all the situations wHch it actually holds

during an entire revolution. Now the fixity of this point

depends on the equality of each of the branches of the cus-

pidated curves, and consequent equality of excui-sion of

the focus in each particular direction, in every successive

situation of the line of conjunction. But if there be some

one line of conjunction in which these excursions are greater

in any one particular direction than in another, the mean

place of the focus will be displaced, and if this process be re-

peated, that mean place will continue to deviate more and

more from its original position, and thus wiU arise a circu-

lation of the mean place of the focus for a revolvtion about

another mean situation, the average of all the former mean

places dm-ing a complete cycle of conjunctions. Supposmg

S to be the sun, O the situation the upper focus would have,

had these inequalities no existence, and H K the path of the

upper focus, which it pursues about 0 by reason of them,

then it is evident that in the course of a complete cycle of

the inequality in question, the excentricity will have fluc-

tuated between the extreme limits S J and S I and the di-

rection of the longer axis between the extreme position b H

and S K, and that if we suppose ij h k to be the corresponding

mean places of the focus, iJ will be the extent of the fluctu-

ation of the mean excentricity, and the angle h s k, that of the

longitude of the perigee.
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H

K

(728.) The periods then in which these fluctuations go
through their phases are necessarily equal in duration with
that of the inequality.in longitude, with which they stand in

connection. But it by no means follows that their maxuna
all coincide. The variation of the axis to which that of the
mean motion corresponds, depends on the tangential force only
whose maximum is not at conjunction or opposition, but at

points remote from either, while the excentricity depends
both on the normal and tangential forces, the maximum of the
former of which is at the conjunction. That particular con-
junction therefore, which is most influential on the axis, is

not so on the excentricity, so that it can by no means be
concluded that either the maximum value of the axis coincides
with the maximum, or the minimum of the excentricity, or
with the greatest excursion to or fro of the line of apsides
from its mean situation, all that can be safely asserted is, that
as either the axis or the excentricity of the one orbit varies,

that of the other will vary in the opposite direction.

(729.) The primary elements of the lunar and planetary
orbits, which may be regarded as variable, are the longitude
of the node, the inclination, the axis, excentricity, longitude
of the perihelion, and epoch (art. 496.). In the foregoing
articles we have shown in what manner each of the first five
of these elements are made to vary, by the direct action of
the perturbing forces. It remains to explain in what manner
the last comes to be affected by them. And here it is neces-
sary, m the first instance, to remove some degree of obscurity
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wliich may be thought to hang about the sense in which the

term itself is to be understood in speaking of an orbit, eveiy

other element of which is regarded as in a contmual state ot

variation. Supposing, then, that we were to reverse the pro-

cess of calculation described in arts. 499. and 500. by winch a

planet's hehocentric longitude in an eUiptic orbit is computed

for a given time ; and setting out with a hehocentric longitude

ascertained by observation, all the otUer elements ^e^^-own

,ve were to calculate either what mean longitude the planet

Ld at a given epochal time, or, which would come to the same

Sc, at what moment of thne (thenceforward to be assumed

as .n epoch) it had a given mean longitude. It is eviden

hrbyTl means the ^.och, if not otherwise known, would

becomi known, whether we consider it as the moment of time

oZlUing 'to a convenient mean longitude, or as t^^^^^^^^^

lonc^itude coinresponding to a convement time. The latter way

of Considering it has some advantages in respect of general

convergence, Ind astronomers are in agreement m employing,

Z l element under the title " Epoch of the
^^^^^^^^ .

the mean longitude of the planet so computed for
-^^^^^^

as for instance, the commencement of the year 1800'

tLe at a ^iven place. Supposing now aU the elements of the

o^Ht Variable, if we were to go tl^ough this reverse process

"aLrt'ain the epoch (so defined) from any numbei. o

different perfectly collect hehocentric longjUides, is clea

we should always come to the same result. One and

:L " epoch" Jould come out from all^e "on^^
Considerino- then the "epoch" m this hglit, as

„ere y a"f tMs reve>.ed process of calculation and not

r the direct result of an oWation insftnted or the pur-

le at the precise epochal moment of time, (which would be

renefuy speaking, impracticable,) it m,gl> be eoncew d

Sbitct to variation in two distinct ways, v«. dependently

3 ndependently. Dependently it must vary, as a nccessay
and muepen ,

jj „f the other elements; because,

TsX :ut°

" Id the same observed heliocen.rio

tgl^ide of the planet, we V t'°throrstt: n

two different sets of intermediate elements, the one set
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eisting of those which it had immediately before its arrival at

that longitude, the other that which it takes up immediately

after (?. e. with an unvaried and a varied system), we cannot

(unless by singular accident of mutual counteraction) arrive

at the same result ; and the difference of the results is evi-

dently the variation of the epoch. On the other hand, how-

ever, it cannot vary independently ; for since this is the only

mode in which the unvaried and varied epochs can become

known, and as both result from direct processes of calculation

involving only given data, the results can only differ by
reason of the difference of those data. Or we may argue

thus. The change in the path of the planet, and its place in

that path so changed, at any future time (supposing it to

undergo no further variation), are entirely owing to the change

in its velocity and direction, produced by the disturbing

forces at the point of disturbance ; now these latter changes

(as we have above seen) are completely represented by the

momentary change in the situation of the upper focus, taken

in combination with the momentary variation in the plane of

the orbit ; and these therefore express the total effect of the

disturbing forces. There is, therefore, no direct and specific

action on the epoch as an independent variable. It is simply

left to accommodate itself to the altered state of things in the

mode already indicated.

(731.) Nevertheless, should the effects of perturbation by
inducing changes on these other elements affect the mean lon-

gitude of the planet in any other way than can be considered

as properly taken account of, by the varied periodic time due
to a change of axis, such effects must be regarded as incident

on the epoch. This is the case with a very curious class of

perturbations which we are now to consider, and which have
their origin in an alteration of the average distance at which
the disturbed body is found at every instant of a complete
revolution, distinct from, and not brought about by the

variation of the major semi-axis, or momentary " mean dis-

tance" which is an imaginary magnitude, to be carefully dis-

tinguished fi-om the average of the actual distances now
contemplated. Perturbations of this class (like the moon's
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variation, with which they are intimately connected) are in-

dependent on the exceutricity of the disturbed orbit ;
for which

reason we shall simplify our treatment of this part of the sub-

ject, by supposing that orbit to have no permanent exceu-

tricity, the upper focus in its successive displacements merely

revolving about a mean position comcident with the lower.

We shaU also suppose M veiy distant, as m the lunar theory.

(732.) Referring to what is said in arts. 706. and 707., and

to the figures accompanying those articles, and considering

first the effect of the tangential force, we see that besides the

effect of that force in changing the length of the axis, and

consequently the periodic tune, it causes the upper focus H to

describe, in each revolution of P, a four-cusped curve, a, d, b, e,

about S, all whose intercuspidal arcs are similar and equal.

This supposes M fixed, and at an invariable distance,— suppo-

-

sitions which shnplify the relations of the subject, and (as we

shall afterwards show) do not affect the general nature of the

conclusions to be drawn. In vktue, then, of the excentncity

thus criven rise to, P wHl be at the perigee of its momentary

ellipse at syzygies and in its apogee at quadratm-es. Apart,

therefore, from the change arising from the variation of axis,

the distance of P from S will be less at syzygies, and greater

at quadi-atures, than in the original curcle. But the average

of all the distances during a whole revolution wiU be un-

altered; because the distances of a,d,b,e from S bemg

equal, and the arcs symmetrical, the approach m and about

perio-ee wiU be equal to the recess in and about apogee.
_

And,

in like manner, the effect of the changes going on m the

length of the axis itself, on the average in question, is niL

because the alternate increases and decreases of that length

balance each other in a complete revolution. Thus we see

that the tangential force is excluded from all influence m pro-

ducino- the class of perturbations now under consideration.

(733 ) It is otherwise with respect to the normal force, in

virtue of the action of that force the upper focus describes, in

each revolution of P, the four-cusped cmwe {fig. art. 707.),

whose intercuspidal arcs are alternately of very unequtd

extent, arising, as we have seen, from the longer duration and
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greater energy of the outward than of the inward action of the

disturbing force. Although, therefore, in perigee at syzygies

and in apogee at quadratures, the apogeal recess is much
greater than the perigeal approach, inasmuch as S c? greatly

exceeds S a. On the average of a whole revolution, then, the

recesses will preponderate, and the average distance will there-

fore be greater in the disturbed than in the undisturbed orbit.

And it is manifest that this conclusion is quite independent

of any change in the length of the axis, which the normal force

has no power to produce.

(734.) But neither does the normal force operate any
change of linear velocity in the disturbed body. When
carried out, therefore, by the effect of that force to a greater

distance from S, the angular velocity of its motion round S
will be diminished : and contrariwise when brought nearer.

The average of aU the momentary angular motions, therefore,

will decrease with the increase in that of the momentary
distances ; and in a higher ratio, since the angular velocity,

under an equable description of areas, is inversely as the

square of the distance, and the disturbing force, being (in the

case supposed) directed to or from the center, does not disturb

that equable description (art. 616.). Consequently, on the
average of a whole revolution, the angular motion is slower,

and therefore the time of completing a revolution, and returning

to the same longitude, longer than in the undisturbed orbit,

and^Aa? independent of and without any reference to the length
of the momentary axis, and the "periodic time" or "mean
motion" dependent thereon. We leave to the reader to follow

out (as is easy to do) the same train of reasoning in the cases

of planetary perturbation, when M is not very remote, and
when it is interior to the disturbed orbit. In the latter case

the preponderant effect changes from a retardation of angular
velocity to an acceleration, and the dilatation of the average
dimensions of P's orbit to a contraction.

(735.) The above is an accurate analysis, according to
strict dynamical principles, of an effect which, speaking roughly,

may be assunilated to an alteration of M's gravitation towards
S by the mean preponderant amount of the outward and
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inward action ofthe normal forces constantly exerted-nearly

as would be the case if the mass of the disturbing body were

formed into a ring of imiform tlnckness, concentric with b,

td of such diameir as to exert an action on P everywW

equal to such mean preponderant force and n the ame

dLtion as to inwards or outwards For it is cle-
^^^^^^^^^^^^

action of such a ring on P, will be the difference of its attrac

tLTs on the two p^nts P and S, of wliich the latter occupes

s center, the foler is excentric. Now the attrac ion of a

riiron its center is manifestly equal in all du^ctions, and

therefore, estimated in any one dkectlon, is zero On the

other Ld, on a point P out of its center, if ^.itl^v^ the iing,

he e^lti^g attrition will always be outroards, towards the

leJst point of the ring, or directly from the ^^^^
if P lie without the ring, the resultmg force will act always

nrl uro-iuo. P towards its center. Hence it appears that

r: a^X^of the radial force of the ring will be diife.nt

in itTdirection, according as the orbit of the disturbmg body

"eltLr or iiterior to that of the disturbed. Inthe former

. As this is a proposition ^hic. the e^iUJ^ f^^SJl"f
n^ereiy speculative or iUustraUve

^^-J^'^^.-^^l^i,, Conceive a spherical

be done very simply, and without the am
the point, and termi-

shell, and a point withm it: eve y l^"^ passing
^^^.^^^ ^^^^^^^

nating both ways in ^'-^^f'^^^""^^^^^^^^ syn.,netricaUy

at either end, being a chord of a sphe"""
pyramid, having

related to all its parts. Now,
^^^^^Z^^^^,;, of such a line round the

its apex at the point, and fonued ^ .
^ ^j^^u, ^hich form the bases

point. Then will the two P°ftl°"4°^*^//,rd equally inclined to their axes,

of both the cones, or pyramids,
^^^Tns "he squares of their distances from

Therefore their areas will be t°
^J^:,^^^ will be equal, because the

the common apex. Therefore t'^"/*™^
the square of its distance in-

attracdon is as the attracting
"'^^"^r'^^l'J^ e directions, and therefore counter-

versely. Now, these attractions act in op^o^^^^^^
^^^^^^^^ them ; and as

act each other. Therefore the point is m eq
^^^^ ^j^^,^

the same is true of every «"<:h pa' of areas

broken up, therefore the point -11 he
"
jqu^^^^

^

such a spherical shell,

.f
"^^^^ bases of triangles formed by hues

cumference up into pairs of -l^.^^"'^'jj„,
t,,^ attracting elements bemg bnes,

passing through the f""'^^'^J/"^ the distances, not the ^vplicnU, ^^ they

not surfaces, are m the /""P'" .[/^"P
"J Therefore it will not be maintained,

should be to maintain t'-J-hh-- T -re
^^^^ ^^l^'r/^lf

but the nearest
r,^rt of the ring. The same .s true of

whole, be urged towards th« n^^^^^^P,
„f ,„y ^semblage of concentric ones

every linear nng, and is tne
^^^^^^

forming a flat annulus, like tne „
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case it will act in diminutiorij in the latter in augmentation

of the central gravity.

(736.) Kegarding, still, only the mean efFect, as produced

in a great number of revolutions of both bodies, it is evident

that such an increase of central force will be accompanied

with a diminution of periodic time and distance of a body

revolving with a stated velocity, and vice versa. This, as we
have shown, is the first and most obvious effect of the radial

part of the disturbing force, when exactly analyzed. It alters

permanently, and by a certain mean amount, the distances

and times of revolution of all the bodies composing the

planetary system, from what they would be, did each planet

circulate about the sun uninfluenced by the attraction of the

rest ; the angular motion of the interior bodies of the system
being thus rendered less, and those of the exterior greater,

than on that supposition. The latter effect, indeed, might be
at once concluded from this obvious consideration,— that all

the planets revolving interiorly to any orbit may be considered

as adding to the general aggregate of the attracting matter

witliin, which is not the less efficient for being distributed

over space, and maintained in a state of circulation.

(737.) This effect, however, is one which we have no means
of measuring, or even of detecting, otherwise than by calciu^

lation. For our knowledge of the periods of the planets is

drawn from observations made on them in their actual state,

and therefore under the influence of this, which may be
regarded as a sort of constant part of the perturbative action.

Their observed mean motions are therefore affected by the

whole amount of its influence ; and we have no means of dis-

tinguishing this by observation from the direct effect of the
sun's attraction, with which it is blended. Our knowledge,
however, of the masses of the planets assures us that it ia

extremely small ; and this, in fact, is all which it is at all

important to us to know, in the theory of their motions.

(738.) The action of the sun upon the moon, in like

manner, tends, by its mean influence during many successive

revolutions of both bodies, to increase permanently the
moon's distance and periodic time. But this general average

L L 2
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is not established, either in the case of the moon or planets,

without a series of surbordinate fluctuations, wliich we have

purposely neglected to take account of in the above reasoning,

and which obviously tend, in the average of a great multitude

of revolutions, to neutralize each other. In the lunar theory,

however, some of these subordinate fluctuations are very

sensible to observation. The most conspicuous of these is

the moon's annual equation ; so called because it consists in

an alternate increase and decrease in her longitude, corre-

sponding with the earth's situation in its annual orbit ;
i. e.

to its angular distance from the perihelion, and therefore

having a year instead of a month, or aliquot part of a month,

for its period. To understand the mode of its production,

let us suppose the sun, stiU holding a fixed position in lon-

gitude, to approach gradually nearer to the earth. Then

Avill all its .disturbing forces be gradually increased in a very

high ratio compared with the diminution of the distance

(being inversely as its cube; so that its effects of every

kind are three times greater in respect of any change of

distance, than they would be by the shnple law of pro-

portionality). Hence, it is obvious that the focus H (ai-t.

707.) in the act of describing each intercuspidal arc of the

curve a, d, b, e, will be continually cari-ied out farther and

fartker from S : and the curve, instead of returning into

itself at the end of each revolution, will open out into a sort

of cuspidated spiral, as in the figure

annexed. Eetracing now the reason-

ing of art. 733. as adapted to tliis state

of things, it will be seen that so long

as this dilatation goes on, so long will

tlie difference between M's recess from

S in aijhelio and its approach in perihelio (wliich is equal to

the difference of consecutive long and short semidiameters of

this curve) also continue to increase, and with it the average

of the distances of M from S in a whole revolution, and

consequently also the time of performing such a revolution.

The reverse process will go on as the sun agam recedes.

Thus it appears that, as tlie sun approaches the earth, the
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mean angular motion of the moon on the average of a whole
revolution will diminish, and the duration of each lunation
will therefore exceed that of the foregoing, and vice versa.

(739.) The moon's orbit being supposed cii-cular, the sim's
orbitual motion will have no other effect than to keep the
moon longer under the influence of every gradation of the
disturbing force, than would have been the case had his
situation in longitude remained unaltered (art. 711). The
same effects, therefore, will take place, only on an increased
scale in the proportion of the increased time ; i. e. in the
proportion of the synodic to the - sidereal revolution of the
moon.

^

Observation confirms these results, and assigns to the
mequality in question a maximum value of between 10' and
11', by which the moon is at one tune in advance of,, and at
auother behind, its mean place, in consequence of this per-
tm-bation.

(740.) To this class of inequalities we must refer one of
great importance, and extending over an immense period of
tune, known by the name of the secular acceleration of the
moony mean motion. It had been observed by Dr. HaUey,
on comparing together the records of the most ancient lunar
ecHpses of the Chaldean astronomers with those of modern
tunes, that the period of the moon's revolution at present is
sensibly shorter than at that remote epoch ; and this result
was confirmed by a further comparison of both sets of
observations with those of the Arabian astronomers of the

.
eighth and ninth centuiies. It appeared, from these com-
parisons, that the rate at which the moon's mean motion
increases is about 11 seconds per century,— a quantity smallm itself, but becoming considerable by its accumulation
during a succession of ages. This remarkable fact, like the
great equation of Jupiter and Saturn, had been long the
subject of toilsome investigation to geometers. Indeed, so
difficult did it appear to render any exact account of; that
while some were on the point of again declaring the theory
of gravity inadequate to its explanation, others were for
rejectmg altogether the evidence on which it rested, althouo-h
quite as satisfactory as that on wloich most historical events



jjg OUTLINES or A8TE0N0MT.

are credited. It was in this dilemma that Lapbx=e onee

move stepped in to rescue physical astronomy from its

eproach/by pointing out the real cause of the ph—on

in question, which, when so explamed, .s one of the most

curLs and instmctive in the whole range of our subject -

one which leads our speculations farther mto the pa^t and

fuLe, and points to longer vistas in the d,m perspect,™ o.

ehau-es which our system has undergone and is yet to

undergo, Than any othir which observation assisted by theory

'"a4TfTht year is not an exact number of lunations. It

CO ists of tweWe and a fraction.^ Supposing then the sun

-r:-:n::nibS;:errr:^^^^

and in thirteen somewhat over-compensated. In twenty

-^^11 he nearly twice as much over-compensated m

have elapsed, the sun wdl

advance, and in place of recedmg farther at e P

the next, it will have hegun to approach.
l^^I"^^

every succeeding cycle will destroy some person of th^^ ^
^^^^^

eom^nsation, ur.il a^omple^r^^
shall be accomphshed. Ihus arises a su

^rs

supplementary inequaUty, having fori.penod . many ye^^^

as is necessary to 'P'y
^^i^™ „,eh more exact

revolution, at the end of which t™^ =
t|^„,

compensation will have ^- "P^
faCst perfect com-

-rc^;r-r:^r'p;:::n;the'»th.
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Its axis, it is true, remains unaltered ; but its excentricity

is, and has been since the earliest ages, diminishing ; and this

diminution T\dll continue, as is explained in Art (701. a.), till

the excentricity has attained its minimmn value, 0*003314 ;

after which it will again open out into an ellipse, increasing in

excentricity up to 0-077747, and then again decrease. The
time required for these evolutions, though calculable, has not
been calculated, further than to satisfy us that it is not to

be reckoned by hundreds or by thousands of years. It

is a period, in short, in which the whole history of astro-

nomy and of the human race occupies but as it were
a point, duriug which all its changes are to be regarded as

uniform. jS[ow, it is by this variation in the excentricity of

the earth's orbit that the secular acceleration of he moon is

caused. The compensation above spoken of (even after the

lapse of centuries) will now, we see, be only imperfectly

effected, owing to this slow shifting of one of the essential

data. The steps of restoration are no longer identical with,

nor equal to, those of change. The strviggle up hill is not
maintained on equal terms with the downward tendency.

The ground is aU the while slowly sliding beneath the feet

of the antagonists. During the whole time that the earth's

excentricity is diminishing, a preponderance is given to the

re-action over the action ; and it is not till that diminution

shall cease, that the tables will be turned, and the process of

ultimate restoration will commence. Meanwhile, a minute,

outstanding, and uncompensated effect in favour of accele-

i-ation is left at each recurrence, or near recurrence, of the

same configurations of the sun, the moon, and the solar

perigee. These accumulate, and at length affect the moon's

longitude to an extent not to be overlooked.

(742.) The phjenomenon, of which we have now given an
account, is another and very striking example of the pro-

pagation of a periodic change from one part of a system to

another. The planets, with one exception, have no direct

appretiable action on the lunar motions as referred to the

earth. Their masses are too small, and their distances too
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great, for tlielr difference of action on the moon and earth

ever to become sensible. Yet their effect on the earth's

orbit is thus, we see, propagated through the sun to that of

the moon ;
and, what is very remarkable, the transmitted

effect thus indh-ectly produced on the angle described by the

moon round the earth is more sensible to observation than

that directly produced by them on the angle described by the

earth round the sun.

(743.) Referring to the reasoning of art. 738., we shall

perceive that if, owing to any other cause than its elhptic

motion, the sun's distance from the earth be subject to a

periodical increase and decrease, that variation will give rise

to a lunar inequality of equal period analogous to the annual

equation. It thus happens that very minute changes im-

pressed on the orbit of the earth, by the direct action of the

planets, (provided their periods, though not properly speakmg

secular, be of considerable length,) may make themse ves

sensible in the lunar motions. The longitude of that satelhte,

as observed from the earth, is, in fact, singularly sensible to

this kind of reflected action, which illustrates m a strikmg

manner the principle of forced vibrations laid down m art

(650 ). The reason of tliis will be readily apprehended, it

we consider that however trifling the increase of her longitude

which would arise in a single revolution, from a mmute and

almost inflnitesimal increase of her mean angular velocity,

that increase is not only repeated in each subsequent revo-

lution, but is reinforced during each by a sumlar fresh ac-

cession of angular motion generated in its lapse. Ihis pro-

cess goes on so long as the angular motion continues to

increase, and only begins to be reversed when lapse of time,

brino-ing round a contrary action on the angular motion,

shalThave destroyed the excess of velocity previously gained,

and becmn to operate a retardation. In this respect, the

advance gained by the moon on her undisturbed place may

be assimUated, during its increase, to the space described

from rest under the action of a continually accelerating force.

The velocity gained in each instant is not only effective m

carryino- the body forward during each subsequent instant.
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but new velocities are every instant generated, and go on
adding their cumulative effects to those before produced.

(744.) The distance of the earth from the sun, like that of
the moon from the earth, may be affected in its averao'e value
estimated over long periods embracing many revolutions, in

two modes, conformably to the theory above delivered. 1st,

it may vary by a variation in the length of the axis major of
its orbit, arising from the direct action of some tangential

disturbing force on its velocity, and thereby producing a
change of mean motion and periodic time in virtue of the
Keplerian law of periods, which declares that the periodic

times are in the sesquiplicate ratio of the mean distances.

Or, 2dly, it may vary by reason of that peculiar action on the
average of actual distances during a revolution, which arises

from variations of excentricity and perihelion only, and which
produces that sort of change in the mean motion which we
have characterized as incident on the epoch. The change of
mean motion thus arising, has nothing whatever to do with
any variation of the major axis. It does not depend on the
change of distance by the Keplerian law of periods, but by
that of areas. The altered mean motion is not sub-sesqui-
plicate to the altered axis of the ellipse, which in fact does
not alter at all, but is sub-duplicate to the altered average of
distances in a revolution ; a distinction which must be care-
fully borne in mind by every one who will clearly under-
stand either the subject itself, or the force of Newton's ex-
planation of it in the 6th Corollary of his celebrated 66th
Proposition. In whichever mode, however, an alteration in
the mean motion is effected, if we accommodate the general
sense of our language to the specialties of the case, it remains
true that every change in the mean motion is accompanied
with a corresponding change in the mean distance.

(745.) Now we have seen, art. (726.), that Venus produces
in the earth a perturbation in longitude, of so long a period
(240 years), that it cannot well be regarded without violence to
ordinary language, otherwise than as an equation of the mean
motion. Of course, therefore, it follows that during that half
of this long period of time, m which the earth's motion IS
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retarded, the distance between the sun and earth is on the

increase, and vice versd. Minute as is the equation m question,

and consequent alteration of solar distance and ahnost in-

conceivably minute as is the effect produced on the moons

mean angular velocity in a single lunation, yet the great

number of lunations (1484), during which the effect goes on

accumulating in one direction, causes the moon at the moment

when that accumulation has attained its maximum to be very

sensibly in advance of its undisturbed place (viz. by -^3 ot

lono-itade), and after 1484 more lunations, as much m arrear.

The calculations by which this curious result has been

established, formidable from their length and intricacy, are

due to the industry, as the discovery of its ongm is to the

sagacity, of Professor Hansen.
^ • -, • • ^AWanf

(746 ) The action of Venus, just explained, is mduect,

be ng as it were a sort of reflection of its influence on the

eartli's orbit. But a very remarkable instance of its mfluen ,

in actually perturbing the moon's motions by rts direct a

-

traction, has been pointed out, and

computed by the same eminent geometer.* As the details

of Ws proceLa have not yet appeared, we can here only

exp l in general terms, the principle on which the resul

ntu s ioa depends, and the nature of the pecu iar adjustment

ofrlean angular velocities of the earth and Venus which

r nder it effectfve. The disturbing foi.es of Venus on the

n oon are capable of being represented or expressed (as s

Tdeed generally the case with all the forces concerned in

Wucing planetary disturbance) by the substitution for them

o aTerii of other forces, each having a period or cycle within

which it attains a maximum in one direction, decreases to

no^n^, reverses its action, attains a maximum m the oppo-

:-t direc^^^^^ again decreases to nothing, ag- reverses i

action and re-attains its former magnitude, and so on. These

"cles differ for each particular constituent or tenn, as it is

cycles mne
considered as so broken up into

;S tZZ.ner.nj speaking, every combination which

• Astronomische Nacbrichten, No. 597.
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can be formed by subtracting a multiple of the mean motion
of one of the bodies concerned from a multiple of that of the
otlier, and, when there are three bodies disturbing one another,

eveiy such triple combination becomes, under the technical

name of an argument, the cyclical representative of a force

acting in the manner and according to the law described.

Each of these periodically acting forces produces its pertur-

bative effect, according to the law of the superposition of

small motions, as if the others had no existence. And if it

happen, as in an immense majority of cases it does, that the
cycle of any particular one of these partial forces has no re-

lation to the periodic time of the disturbed body, so as to

bring it to the same, or very nearly the same point of its

orbit, or to any situation favourable to any particular form
of disturbance, over and over again when the force is at its

maximum
; that force wiU, in a few revolutions, neutralize

its own effect, and nothing bu.t fluctuations of brief duration
can result from its action. The contrary will evidently be
the case, if the cycle of the force coincide so nearly with the
cycle of the moon's anomalistic revolution, as to bring round
the maximum of the force acting in one and the same direction

(whether tangential or normal) either accurately, or verv
nearly indeed to some definite point, as, for example, the
apogee of her orbit. Whatever the effect produced by such
a force on the angular motion of the moon, if it be not
exactly compensated in one cycle of its action, it will go on
accumulating, being repeated over and over- again under
circumstances very nearly the same, for many successive

revolutions, until at length, owing to the want of precise

accuracy in the adjustment of that cycle to the anomalistic

period, the maximum of the force (in the same phase of its

action) is brought to coincide with a point in the orbit f'as

the perigee), determinative of an opposite effect, and thus, at
length, a compensation Avill be worked out ; in a time, how-
ever, so much the longer as the difference between the cycle
of the force and the moon's anomalistic period is less.

(747.) Now, in fact, in the case of Venus disturbing the
moon, there exists a cyclical combination of this kind. Of
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course the disturbing force of Venus on the moon varies with

her distance from the earth, and this distance agam depends

on her configuration with respect to the earth and the sun,

taUng into account the elUpticity of loth their orbits Among

the combinations which take then- rise from this latter con-

sideration, and which, as may easily be supposed, are of great

complexity, there is a term (an exceedingly minute one)

whose argument or cycle is determined by subtracting 16

times the mean motion of the earth from 18 times that of

Venus The difference is so very nearly the mean motion ot

the moon in her anomalistic revolution, that whereas tlie

latter revolution is completed in 27^ 13- 18^ 32-3% the cycle

of the force is completed in 27^ 13^^ 7- 35-6% differing from

the other by no more than 10- 56-7% or about one 3625th

part of a complete period of the moon from apogee to apogee.

Durina half of this very long interval (that is to say durmg

aboutl36i years), the perturbations produced by a force of

this character, go on increasing and accumulating, and are

destroyed in another equal interval. Although therefore

excessively minute in their actual effect on the angular

motion, this minuteness is compensated by the number of

Repeated acts of accumulation, and by the length of time

diing which they continue to act on the longitude^ Ac-

cordingly M. Hansen has found the total amount of fluctua-

ion to^nd fro, or the value of the equation of the moons

longitude, so arising to be 27-4". It is exceedingly in-

teresting to observe that the two equations consideied n

these ktter paragraphs, account satisfactorily for the only

em iningma'teriri differences between theoiy and obsen.-

tion in the modern history of this hitherto rebellious sateUite.

We have not thought it necessary (indeed it would have

required a treatise on the subject) to go into a special ac-

Z of the almost innumerable other lunar mequahties

Xh Ivt been computed and tabulated, and w-hu.h are

Jecessary to be taken into account in every computation of

Te 1 la I from the tables. Many of them are of very much

Zir ^oL than these. We ought not, however, to pass

Seed, that the pai-aUactic inequality, already explained
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art. (712.), is interesting, as affording a measure of the sun's
distance. For this equation originates, as there shown, in
the fact that the disturbing forces are not precisely aliJce in
the two halves of the moon's orbit nearest to and most re-
mote from the sun, all their values being greater in the
former half. As a knowledge of the relative dimensions of
the solar and lunar orbits enables us to calculate a priori,
the amount of this inequality, so a knowledge of that amount
deduced by the comparison of a great number of observed
places of the moon with tables in which every inequality but
this should be included, would enable us conversely to as-
certain the ratio of the distances in question. Owing to the
smallness of the inequahty, this is not a very accurate mode
of obtaining an element of so much importance in astronomy
as the sun's distance, but were it larger {i.e. were the moon's
orbit considerably larger than it actually is), this would be,
perhaps, the most exact method of any by which it could
be concluded.

(748.) The greatest of all the lunar inequalities, produced
by perturbation, is that called the evection. It arises directly
from the variation of the excentricity of her orbit, and from
the fluctuation to and fro in the general progress of the line
of apsides, caused by the different situation of the sun, with
respect to that hue (arts. 685. 691.). Owing to these causes
the moon is alternately in advance, and in arrear of her
eHiptic place by about 1° 20' 30". This equation ^yas known
to the ancients, having been discovered by Ptolemy, by the
comparison of a long series of observations handed down to
him from the earliest ages of astronomy. The mode in which
the effects of these several sources of inequality become!
grouped together under one principal argument common to
them all, belongs, for its explanation, rather to works
speciaUy treating of the lunar theory than to a treatise of
this kind.

(749.) Some smaU perturbations are produced in the
lunar orbit by the protuberant matter of the earth's equator
The attraction of a sphere is the same as if all its matter
were condensed into a point in ita center; but that is not the



ODTLINES OF ASTRONOMY.

case with a spW. The attraction of such ^ ma=sj.

neither exactly directed to its center, nor does it exactly

follow the law of the inverse squaxes of the distances. Hence

will arise a series of perturbations, extremely smal ™°»"'.

Zt still perceptible in the lunar motions ;
by wbeh the node

and theWe will be affected. A more remarkable conse-

nnence of 5is cause, however, is a small nutation of the

rrorbit, exactly analogous t. that which the nioon eau^e

in the plane of the earth's equator, by .ts action on the same

effipt e pvotuberanee. And, in general, it may b«= "b-^'f

hat in the systems of planets which have satell.tes, he

Xt c figure of the primary has a tendency to bnng the

orbto of the satellites to coincide with its equator, -a

^ ndlcy which, though small in the case of the ear h, yet m

to of Jupiter, whose eUipticity is very considerable, and of

slrn espeeia ly, where the ellipticity of the body is rem-

f»«d by the at'kctionof the rings, becomes predominant

over eveL external and internal cause of disturbance and

-IIL Ind maintains ^ ex.t co.ucid^^^^^^ *e

planes

»J-^^^'^J^^ltt are comparatively less

:rt:d ; ts cause the difference of^^^^^
f^^ere a^d spheroid dimmishing wit gr.t rapidly . -he

rr:t=fsatriie\wtex-^^^

tydiame..oftW>an^^^^^^^^^

Ir ^perS^stelelUte to retain its actual incliuatiou

*Whv naritv of reasonhig) the ring and equator of the

planet °

J=J appretiable movements analogous to

bemg -*J.«"=^
*°

'^yL. If such exist, they must be

°"
rtrthan tCe of the earth ; the mass of tins satel-

r1 tr as for as can be judged by its apparent sue, a

':LT^C Z.^" of that of Saturn than the moon ,s of
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the earth ; while the solar precession^ by reason of the im-
mense distance of the sun, must be quite imperceptible.

(750.) The subject of the tides, though rather belongino- to

terrestrial physics than properly to astronomy, is yet so
directly connected with the theory of the lunar perturbations,

that we cannot omit some explanatory notice of it, especially

since many persons find a strange diflficulty in conceiving the
manner in which they are produced. That the sun, or moon,
shoidd by its attraction heap up the waters of the ocean
under it, seems to them very natural. That it should at the
same tune heap them up on the opposite side seems, on the
contrary, palpably absurd. The error of this class of ob-
jectors ia of the same kind with that noticed in art. 723., and
consists in disregarding the attraction of the disturbing body
on the mass of the earth, and looking on it as wholly effective
on the superficial water. Were the earth indeed absolutely
fixed, held in its place by an external force, and the water
left free to move, no doubt the effect of the disturbing power
would be to produce a single accumulation verticaUy under
the distm-bing body. But it is not by its whole attraction,
but by the difference of its attractions on the superficial water
at both sides, and on the central mass, that the waters are
raised

:
just as in the theory of the moon, the difference of

the sun's attractions on the moon and on the earth (regarded
as moveable and as obeying that amount of attractioa^Vhich
is due to its situation) gives rise to a relative tendency in the
moon to recede from the earth in conjunction and opposition,
and to approach it in quadratures. Eeferring to the figure
of art. 675., instead of supposing A D B C to represent the
moon's orbit, let it be supposed to represent a section of the
(comparatively) thin fihn of water reposing on the globe of
the earth, in a great circle, the plane of which passes through
the disturbing body M, which we shall suppose to be the
moon. The disturbing force on a particle at P will tlien
(exactly as in the lunar theory) be represented in amount and
direction by NS, on the same scale on wliich SM represents
the moon's whole attraction on a particle situated at S. This
force, applied at P, will urge it in the direction PX parallel
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to N S ; and therefore, when compounded with the direct foree

of grav ty which (neglecting as of no account .n his theory^ ^ ^
the spheroidal form of the earth)

^ urges P towards S, will be equi-

valent to a single force deviat-

ino- from the direction P S to-

wards X. Suppose PTto be

the direction of this force, which,

it is easy to see, will be directed

towards a point in D S pro-

duced, at an extremely small

distance below S, because of the
--f-^^^^f̂ ^^^^f^^^^^^

disturbino- force compared to gravity.* Then if this be done
aisiuroiut, iun.

1 , » -pj -x „ni evident that the
at everv point of the quadrant AU, it wiu oe ev

t:ln PT of the resultant force

tangent to the small euspidated curve a at T, to which fcm

,eut the surface ~ ^ Th^d^sX^^^^r

-

Ll^o as to pla^e Itself eveiywhere i-J^^^-^^^^

and more so at A, oemg i.<^^^

j o A c; D for

r % for its center, d a for its evolute, and S A, b D tor
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about 58 inches: that of the ellipsoid, similarly formed in

virtue of the sun, about 2^ times less, or about 23 inches.

(751.) Let us suppose the moon only to act, and to have
no orbitual motion ; then if the earth also had no diurnal

motion, the elhpsoid of equilibrium would be quietly formed,

and all would be thenceforward tranquil. There is never
time, however, for this spheroid to be fully formed. Before
the waters can take their level, the moon has advanced in

her orbit, both diurnal and montlily, (for in this theory it

will answer the purpose of clearness better, if we suppose
the earth's diurnal motion transferred to the sun and moon in

the contrary direction,) the vertex of the spheroid has shifted

on the earth's surface, and the ocean has to seek a new
bearing. The eflfect is to produce- an immensely broad and
excessively flat wave (not a circulating current), which fol-

lows, or endeavours to follow, the apparent motions of the
moon, and must, m fact, by the principle of forced vibrations,
imitate, by equal though not by syiichronous periods, all the
periodical inequalities of that motion. When the higher or
lower parts of this wave strike our coasts, they experience
what we call high and low water.

(752.) The sun also produces precisely such a wave, whose
vertex tends to follow the apparent motion of the sun in the
heavens, and also to imitate its periodic inequalities. This
solar wave co-exists with the lunar— is sometimes superposed
on it, sometimes transverse to it, so as to partly neutraHze it,

according to the monthly synodical configuration of the two
luminaries. This alternate mutual reinforcement and destruc-
tion of the solar and lunar tides cause what are called the
spring and neap tides— the former being their sum, the latter
their difference. Although the real amount of either tide is,

at present, hardly within the reach of exact calculation, yet
then- proportion at any one place is probably not very remote
from that of the ellipticities which would belong to their
respective spheroids, could an equiUbrium be attained. Now
these ellipticities, for the solar and lunar spheroids, are respec-
tively about two and five feet ; so that the average spring
tide will be to the neap as 7 to 3, or thereabouts.

M SI
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of time. They are, it is feared, too often mistaken one for
the other by practical men y a circumstance which, whenever
it occurs, must produce the greatest confusion in any attempt
to reduce the system of the tides to distinctand intelligible laws.

(75o.) The declination, of the sun and moon materially
affects the tides at any particular spot. As the vertex of the
tide-wave tends to place itself vertically under the luminary
which produces it, when this vertical changes its point of
incidence on the surface, the tide-wave must tend, to shift ac-
cordmgly, and thus, by monthly and annual periods, must
tend to increase and diminish alternately the principal tides.
The period of the moon's nodes is thus introduced into this
subject

;
her excursions in. declination in one part of that

period being 2^°, and in another only 1.7°, on either side the
equator.

(756.) Geometry demonstrates that, the efficacy of a lumi-
nary in raising tides is inversely proportional to the cube of
Its distance. The sun and moon, however, by reason of tlie
eUipticity of their orbits, are alternately nearer to and farther
from the earth than their mean distances. In- consequence of

,this, the efficacy of the sun will fluctuate between the ex-
tremes 19 and 21, taking 20 for its mean value, and that of
the moon between 43 and 59. Taking into account this
cause of difference, the highest spring tide will be to the
lowest neap as 59 + 21 to 43 - 19, or as 80 to 24, or 10
to 3. Of all the causes of differences in. the height of tides
however, local situation is the most influential In some
places the tide-wave, rushing up a narrow channel, is suddenly
raised to an extraordinary height. At Annapolis, for instance,m the Bay of Fundy, it is said to rise 120 feet. Even at
Bristol the difference of high and low water occasionally
amounts to 50 feet.

(757.) It is by means of the perturbations of the planets
as ascertained by observation and compared with theory, that
we arrive at a knowledge of the masses of those planets'which
havmg no satellites, offer no other hold upon them for this
purpose. Every planet produces an amount of perturbationm the motions of every other, proportioned to its mass, and

M M 2
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to tte degree of advantage ov r-rcka^ which "-i'-a- -
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their eclipses, that the masses assigned to them, in art. 540. have
been fixed. Few results of theory are more surprising than to
see these minute atoms weighed in the same balance, which we
have applied to the ponderous mass of the sun, which exceeds
the least of them in the enormous proportion of 65000000 to 1

.

(759.) The mass of the moon is concluded, 1st, from the
proportion of the lunar to the solar tide, as observed at various
stations, the effects being separated from each other by a
long series of observations of the relative heights of sprino-
and neap tides which, we have seen, (art. 752.) depends on
the proportional influence of the two luminaries. 2dly,
from the pha3nomenon of nutation, which, being the result of
the moon's attraction alone, affords a means of calculating
her mass, independent of any knowledge of the sun's. Both
methods agree in assigning to our satellite a mass about one
seventy-fifth that of the earth.

*

(760.) Not only, however, has a knowledge of the pertur-
bations produced on other bodies of our system enabled us to
estimate the mass of a disturbing body already known to
exist, and to produce disturbance. It has done much more,
and enabled geometers to satisfy themselves of the existence'
and even to indicate the situation of a planet previously un-
known, with such precision, as to lead to its immediate dis-
cover)- on the very first occasion of pointing a telescope to the
place indicated. We 'have already (art. 506.) had occasion
to mention in general terms this great discovery

; but its im-
portance, and its connexion with the subject before iis, calls
for a more specific notice of the circumstances attendino- it.

When the regular observation of Uranus, consequent on its
discovery in 1781, had afforded some certain knowledo-e of
the elements of its orbit, it became possible to calculate
backwards into time past, with a view to ascertain Mdiether
certain stars of about the same apparent magnitude, observed
by Flamsteed, and since reported as missivg, might not
possibly be this planet. No less than six ancient observ-
ations of it as a supposed star were thus found to have

• Lapl.ice Expos, d.. Syst. du Monde, pp 285. 300. Later researches hiv„
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been recorded by that astronomer, -one in 1690, one in 1712

andfour in 1715. On further inquiry, it was also ascertained

to have been observed by Bradley in 1753, by Mayer m 756

and no less than twelve times by Le Mourner, in 1750, 1764,

1768, 1769, and 1771, all the time without the least suspicion

of its planetary nature. The observations, however so made,

bein/all circumstantially registered, and made wi h mstru-

.nents the best that their respective dates admitted, were

quite available for correcting the elements of the orbit, which

I will be easily understood, is done with so much the

greater precision' the larger the arc of the ellipse em-

braced by the extreme observations employed. it wa.,

'Worc'reasonably hoped and expected that, by mal^ng

aise of the data thus afforded, and duly allowing foi the pei

urbations produced since 1690, by Satui-n, Jupiter and the

n erior planets, elliptic elements would be obtained, which,

in conjunction with those "f^/^
wesent not only all the observations up to the tmie ot

execut n^ the calculations, but also all future observations, in

satisfactory a manner as those of any of the c.^r plai.^^

are actually represented. This expectation, howeve ,
proved

de uste M. Bouvard, one of the most expert and laborious

Sirs of whom astronomy has had to boa^,

whose zeal and indefatigable industry we o-^J^^^^^^

Jupiter and Saturn in actual use, ha.ang undertaken the

task of constructing similar tables for Uranus, found it im-

possible to reconcikthe ancient obsen-ations above mention d

S those made from 1781 to 1820, so as to represent both

by means of the same ellipse and the -- system o

ZZvhLus. He therefore rejected altogether he an lent

Lrts atd grounded his computations solely on the mod..

W nnl evidently not without serious nusgmngs as to the

:^rcW -h /proceeding, and "leaving it to future tune

?o determine whether the difficulty of reconciling he two
to deteimme

-^^ ^^^^ ^Ider observations, or

::aTTd^eron some^xtraneous ancl unperceived in-
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to representj with due precision, observations subsequently

made. The "error of the tables" after attaining a certain

amount, hj which the true longitude of Uranus was in

advance of the computed, and which advance was steadily

maintained from about the year 1795 to 1822, began, about

the latter epoch, rapidly to diminish, till, in 1830-31, the

tabular and observed longitudes agreed. But, far from re-

maining in accordance, the planet, still losing ground, fell,

and continued to fall behind its calculated place, and that

with such rapidity as to make it evident that the existing

tables could no longer be received as representing, with any

tolerable precision, the true laws of its motion,

(762.) The reader will easily understand the nature and
progression of these discordancies by casting his eye on fig. 1.

Plate A, in which the horizontal line or abscissa is divided

into equal parts, each representing 50° of heliocentric longi-

tude in the motion of Uranus round the sun, and in which the

distances between the horizontal lines represent each 100"

of error in longitude. The result of each year's observation

of Uranus (or of the mean of all the observations obtained

during that year) in longitude, is represented by a black dot

placed above or below the point of the abscissa, corresponding

to the mean of the observed longitudes for the year above, if

the observed longitude be in excess of the calculated, below
if it fall short of it, and on the line if they agree

; and at a
distance from the line corresponding to their difference on
the scale above mentioned.* Thus in Flamsteed's earliest

observations in 1690, the dot so marked is placed above the
line at 65"'9 above the line, the observed longitude being so

much greater than the calculated.

(763.) If, neglecting the individual points, we draw a
curve (indicated in the figure by a fine unbroken line)

through their general course, we shall at once perceive a

* The points are laid down from M. Leve-rier'scomparison of the whole series
of observations of Uranus, with an ephenieris of his own calculation, founded on
a coniplete and searching revision of the tables of Bouvard, and a ri^^orous com-
putation of the perturbations caused by all the known planets capable of exer-
cising any influence on it. The differences of longitude are geocentric, but for
our present purpose it matters not in the least whether we consider the errors
in heliocentric or in geocentric longitude.
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certain regularity in its undulations. It presents two great

elevations above, and one nearly as great intermediate depres-

sion below the medial line or abscissa. And it is evident

that these undulations would be very much reduced, and the

errors in consequence greatly palliated, if each dot were

removed in the vertical direction through a distance and m the

direction indicated by the corresponding point of the curve

A B C,D,E,F,G,H, intersecting the abscissa atpomts 180

distant,'and making equal excursions on either side. Thus

the point a for 1750 being removed upwards or m the direc-

tion towards h through a distance equal to cb would be

brouo-ht almost to precise coincidence with the point d m

the al)scissa. Now, this is a clear indication that a very large

part of the differences in question is due, not to perturbation,

but simply to error in the elements of Uranus which have

been assumed as the basis of calculation. For such excesses

and defects of longitude alternating over arcs of 180° are

precisely what would arise from error in the excentricity, or

in the place of the perihelion, or in both. In ellipses slightly

excentric, the true longitude alternately exceeds and falls

short of the mean during 180° for each deviation, and the

cn-eater the excentricity, the greater these alternate fluctua-

tions to and fro. If then the excentricity of a planet's orbit be

assumed erroneously (suppose too great) the observed longi-

tudes will exhibit a less amount of such fluctuation above

and below the mean than the computed, and the diflFereuce ot

the two, instead of being, as it ought to be, always will

be alternately -hand-over arcsof 180°. If then a difierence

^)e observed following such a law, it may arrive from errone-

ously assumed excentricity, provided always the longitudes

at which they agree (supposed to differ by 180°) be comcident

with those of the perihelion and aphelion ;
for m elhptic

motion nearly circular, these are the points where the mean

and true longitudes agree, so that any fluctuation of the

nature observed, if this condition be not satisfied cannot

arise from error of excentricity. Now the longitude of the

nerihelion of Uranus in the elements employed by Bouvard is

(neglecting fractions of a degree) 168°, and of the aphehou
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348°. These points then, in our figure, fall at ct, and a re-

spectively, that is to say, nearly half way between AC, CE,
EGr, &c. It is evident therefore that it is not to error of

excentricity that the fluctuation in question is mainly due.

(764.) Let us now consider the effect of an erroneous

assumption of the place of the perihelion. Suppose in fig, 2.

Plate A, ox to represent the longitude of a planet, and ary

the excess of its true above its mean longitude, due to ellip-

ticity. Then if R be the place of the perihelion, and P, or

T, the aphelion in longitude, y will always lie in a certain

undulating curve PQEST, above * PT, between E and T,
and below it between P and R. Now suppose the place of
the perihelion shifted forward to r, or the whole curve shifted

bodily forward into the situation joy r^if, then at the same
longitude ox, the excess of the true above the mean longitude
will be xy' only ; in other words, this excess will have dimi-
nished by the quantity yy' below its former amount. Take
therefore in o N {fig. 3. PI. A) oyz^ox and yy' always =y?/'
inj^^. 2., and having thus constructed the curve KLMNO,
the ordinate yy' will always represent the effect of the sup-
posed change of perihelion. It is evident (the excentricity
being always supposed small), that this curve will consist
also of alternate superior sxu\. inferior waves of 180° each in
amplitude, and the points L, N of its intersection with
the axis will occur at longitudes corresponding to X Y
intermediate between the maxima Q,q; and S,s of the
original curves, that is to say (if these intervals Qq, Ss, or
Er to which both are equal, be very small) very nearly at
90° from the perihelion and aphelion. Now this agrees with
the conditions of the case in hand, and we are therefore
authorised to conclude that the major portion of the errors in
question has arisen from error in the place of the perihelion
ofUranus itself, and not from perturbation, and that to correct
this portion, the perihelion must be shifted somewhat forward.
As to the amount of this shifting, our only object being ex-
planation, it will not be necessary here to enquire into it.

It will suffice that it must be such as shall make the curve
* The curves, figs. 2, 3, are inverted in the engraving.
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ABCDEFCt as nearly as possible similar, equal, and opposite

to the curve traced out by the dots on the other side. And

this being done, we may next proceed to lay down a curve of

the residual differences between observation and theory m

the mode indicated in art. (763.)

(765.) This being done, by laying off at each pomt of the

line of longitudes an ordinate equal to the difference of the
|

ordinates of the two curves in fig. 1. when on opposite, and

their sum when on the same side of the abscissa the resul

will be as indicated by the dots in fig. 4. And ^lere it is a

Ince seen that a still farther reduction of the difference ,

under consideration would result, if, instead of aking the

ne AB for the line of longitudes, a line a I slightly inchn d

to it were substituted, in which case ^^^^^^^
if, ^^g^^'"

ferences between observation and theory f-/^^^
^ f

0

would be annihilated, or at least so far reduced ^^^^^^^J^

exceed the ordinary errors of observation ;
and as respects

L observation of 1690, the still outstanding difference of

35'' would not be more than might be -tnbut^^^^^^^^^^^

not vcrv careful observation at so early an epoch Isow the

:rmpLn of such a new line of longUud- - cone

one is in effect equivalent to the admission

of error in the periodic time and epoch of ^-nu '
jo /t

evident that by reckoning from the mclmed instead of the

ilolal L, wein effect alter all the appa-t—
errors by an amount proportional to the time ^^foie o aite^

he date'at which the two lines intersect (v- aW 1^ 9>

As to the direction in which this correction
^^^^^^ ^^^^^^^^^

bym^^tio^^^^^

planet on tne lou^
_

i- ^ angular velocity

(766.) Lft ™=
, longitudes be reckoned on

'^f I rSut».-enoe, ftcn that line instead of

"Atdt s^:?. have then done all that can be done .u
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tlie way of reducing and palliating these differences, and

that, with such success, that up to the year 1804 it might

have been safely asserted that positively no ground whatever

existed for suspecting any disturbing influence. But with

this epoch an action appears to have commenced, and gone

on increasing, producing an acceleration of the motion in

longitude, in consequence of which, Uranus continually gains

on its elliptic place, and continued to do so till 1822, when, it

ceased to gain, and the excess of longitude was at its maxi-

mum, after which it began rapidly to lose ground, and has

continued to do so up to the present time. It is perfectly

clear, then, that in this interval some extraneous cause must

have come into action which was not so before, or not in

sufficient power to manifest itself by any marked effect, and

that that cause must have ceased to act, or rather bea-un to

reverse its action, in or about the year 1822, the reverse

action being even more energetic than the direct.

(767.) Such is the phsenomenon in the simplest form we
are noio able to present it. Of the various hypotheses formed

to account for it, during the progress of its developement,

none seemed to have any degree of rational probability

but that of the existence of an exterior, and hitherto

undiscovered, planet, disturbing, according to the received

laws of planetary disturbance, the motion of Uranus by its

attraction, or rather superposing its disturbance on those

produced by Jupiter and Saturn, the only two of the old

planets which exercise any sensible disturbing action on that

planet. Accordingly, this was the explanation which na-

turally, and almost of necessity, suggested itself to those

conversant with the planetary perturbations who considered

the subject with any degree of attention. The idea, however,

of setting out from the observed anomalous deviations, and
employing them as data to ascertain the distance and situation

of the unknown body, or, in other words, to resolve the in-

verse problem of perturbations, ''given the disturbances tojind

the orbit, and place in that orbit of the disturbing planet,'^

appears to have occurred only to two mathematicians,

Mr. Adams in England and M. Lcverrier in France, with
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sufficient distinctness and hopefulness of success to induce

them to attempt its solution. Both succeeded, and their

solutions, arrived at with perfect independence, and by each

in entu-e ignorance of the other's attempt, were found to

agree in a surprising manner when the nature and diffi-

culty of the problem is considered ; the calculations of M.

Leverrier assigning for the heliocentric longitude of the

disturbing planet for the 23d Sept. 1846, 326° 0', and those

of Mr. Adams (brought to the same date) 329° 19', differing

only 3° 19' ; the plane of its orbit deviating very shghtly, if

at all, from that of the ecliptic.

(768.) On the day above mentioned — a day for ever

memorable in the annals of astronomy— Dr. Galle, one of the

astronomers of the Royal Observatory at Berlin, received a

letter from M. Leverrier, announcing to liim the result he had

arrived at, and requesting hun to look for the disturbing

planet in or near the place assigned by his calculation. He did

so, and on that very night actually found it. A star of the

eighth magnitude was seen by him and by M. Encke in a

situation where no star was marked as existing in Dr. Bre-

miker's chart, then recently pubhshed by the Berlin Academy.

The next night it was found to have moved from its place,

and was therefore assuredly a planet. Subsequent obser^-a-

tions and calculations have fully demonstrated this planet,

to which the name of Neptune has been assigned, to be really

that body to whose disturbing attraction, according to the

Newtonian law of gravity, the observed anomahes in the

motion of Uranus were owing. The geocentric longitude

determined by Dr. Galle from this observation was 325° 53',

which, converted into heliocentric, gives 326° 52', differing

0° 52' from M. Leverrier's place, 2° 27' from that of Mr.

Adams, and only 47' from a mean of the two calculations.

(769.) It would be quite beyond the scope of this work, and

far in advance of the amount ofmathematical knowledge we have

assumed our readers to possess, to attempt giving more than

a superficial idea of the course followed by these geometers m

their arduous investigations. Suffice it to say, that it consisted

in ren-arding, as unknown quantities, to be dctcrmmed, the
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mass, and all the elements of the unknown planet (supposed to

revolve in the same plane and the same direction with Uranus),
except its major semiaxis. This was assumed in the first

instance (in conformity with " Bode's law," art. (505.), and
certainly at the time with a \n.^primafacie probability,) to be
double that of Uranus, or 38-364 radii of the Earth's orbit.

Without some assumption as to the value of this element, owino-

to the peculiar form of the analytical expression of the per-

turbations, the analytical investigation would have presented

difficulties apparently insuperable. But besides these, it was
also necessary to regard as unknown, or at least as liable to

corrections of unknown magnitude of the same order as the

perturbations, all the elements of Uranus itself, a circumstance

whose necessity will easily be understood, when we consider

that the received elements could only be regarded as pro-

visional, and must certainly be erroneous, the places from
which they were obtamed being affected by at least some
portions of the very perturbations in question. This con-
sideration, though indispensable, added vastly both to the
complication and the labour of the inquiry. The axis (and
therefore the mean motion) of the one orbit, then, being
known very nearly, and that of the other thus hypothetically
assumed, it became practicable to express in terms, partly
algebraic, partly numerical, the amount of perturbation at

any instant, by the aid of general expressions delivered by
Laplace in his " Mecanique Celeste" and elsewhere. These,
then, together with the corrections due to the altered elements
of Uranus itself, being applied to the tabular longitudes, fur-
nished, when compared with those observed, a series of <;yMo^zo?2s,

in which the elements and mass of Neptune, and the corrections

of those of Uranus entered as the unknown quantities, and by
whose resolution (no slight effort of analytical skill) all their
values were at length obtained. The calculations were then
repeated, reducing at the same time the value of the assumed
distance of the new planet, the discordances between the
given and calculated results indicating it to have been
assumed too large when the results were found to agree
better, and the solutions to be, in fact, more satisfactory.
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Thus, at length, elements were arrived at for the orbit of

the unknown planet, as below.

Epoch of Elements

Mean longitude in Epoch

Semiaxis Major -

Excentricity

Longitude of Perihelion -

Mass (the Sun being 1)

Leverrier.

Jan. 1. 1847.

318° 47' 4
36-1539
0-107610
284° 45' 8

0-00010727

Adams.

Oct. 6. 1846.

323° 2'

37-2474
0-120615

299° 11'

0-00015003

The elements of M. Leverrier were obtained from a consider-

ation of the observations up to the year 1845, those of Mr.

Adams, only as far as 1840. On subsequently taking into

aecount, however, those of the five years up to 1845, the

latter was led to eonclude that the semiaxis ought to be stiU

much further diminished, and that a mean distance of 33 33

(being to that of Uranus as 1 : 0-574) would probably satisfy

all the observations very nearly.*
, , ,

mo) On the actual discovery of the planet, it was, ot

course, assiduously observed, and it was soon ascertamed that a

Leanistance, evL less than Mr. Adams'slast presumed value

agx-eed better with its motion ; and no sooner were dement

obtained from direct observation, sufBciently appro-mate
^^^^

Lee back its path in the heavens for a considerable mteiva

of tune, than it was ascertained to have been observed as a stai

byTaknde on the 8th and 10th of May, 1795 tl^e latter

the two observations, however, having
^^^^l^^tlorlX

as faulty, by reason of its non-agreement wi h the oxn.er a

consequLe ofthe motion of the planetm the interval) From

tLse observations, combinedwith those since accumu ated, the

dements calculated by Prof.Walker, U.S., result asfolbws
:

-
eiemeut

Jan 1. 1847, M. noon, Greenwich.

Epoch of Elements - - ^^go 32' 44" 2

Mean longitude at Epoch -
^ '30-0367

Semiaxis major - -
^ _ 0-00871946

Excentricity '
. 47° 12' 6"-50

Longitude ofthe Perihelion -
^ 130° 4' 20" -81

Ascending Node '1-1° 46' 58"'97

Inclination - "
_ . 164-6181 tropical year.

Periodic time - , 2° -18688
Mean annual Motion -

'

* r letter to the Astronomer Royal, dated Sept. 2. 1846,-f.e. three

* In a letter to tne n
j:,„„^,erv ofthe p anet.

weeks previous to the optical disco%ery ot y
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(771.) The great disagreement between these elements
and those assigned either by M. Leverrier or Mr. Adams will

not fail to be remarked ; and it wiU naturally be asked how
it has come to pass, that elements so widely different from the

truth should afford anything like a satisfactory representation of

the perturbation in question, and that the true situation of the

planet in the heavens should have been so well, and indeed

accm-ately, pointed out by them. As to the latter point, any
one may satisfy himself by half an hour's calculation that

both sets of elements do really place the planet, on the day
of its discovery, not only in the longitudes assigned in art.

763., e. extremely near its apparent place, but also at a

thstance from the Sun very much more approxunately cor-

rect than the mean distances or semiaxes of the respective

orbits. Thus the radius vector of Neptune, calculated from
Leverrier's elements for the day in question, instead of

36-1539 (the mean distance) comes out almost exactly 33

;

and indeed, if we consider that the excentricity assigned by
those elements gives for the perihelion distance 32-2634, the
longitude assigned to the perihehon brings the whole arc of
the orbit (more than 83°), described in the interval from 1806
to 1847 to lie within 42° one way or the other of the perihe-
lion, and therefore, during the whole of that interval, the
hypothetical planet would be moving within lunits of distance
from the sun, 32-6 and 33-0. The following comparative
tables of the relative situations of Uranus, the real and hy-
pothetical planet, will exhibit more clearly than any lengthened
statement, the near imitation of the motion of the former
by the latter witliin that interval. The longitudes are helio-
centric*

• The calculations are wnied only to tenths of degrees, as quite sufficient for
the object in view.
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A.D.

1805-0

1810-0

1815-0
1820-0
1821-0
182*2-0

1823 0
1824-0

1825 0
1830-0

1835-0
1840 -0

1845 0
1847-0

Leverrier. Adams.

Rad. Vec. Long. Rad.Vec.

33-1 246°-5 34-2

32-8 255-9 33-7

32-5 265-5 33 -3

32-4 275-4 33-1

32-3 277-4 33 0

32-3 279-5 33-0

32-3 281-5 32 -9

32-3 283-6 32-9

32-3 285-6 32-8

32-3 296-0 32-8

32-4 306-3 32-8

32-6 316-3 32-9

32-9 326-0 33-1

331 329-3 33-2

(772 ) From this comparison it will be seen that Uranus

arrived at its conjunction with Neptune at or ijnmediately

before the commencement of 1822, with the calculated planet

of Leverrier at the beginning of the following year 1823 and

with that of Adams about the end of 1824. Both the theo-

retical planets, and especially that of M. Leverrier, therefore,

durino- the whole of the above interval of tmie, so far as the

directions of their attractive forces on Uranus are concerned,

.vould act nearly on it as the true planet must have done

As regards the intensity of the relative distm-bmg forces, xt

estimate these by the principles of ax.. (6 12 at the epoch^

of conjunction, and for the commencement of 1805 and 1845,

we find for the respective denominators of the fractions of the

sun's attraction on Uranus regarded as unity, which express

the total distui-bing force, N S, in each case, as below :

1805. Conjunction. 1845.

27540 750S 32390

20244 5519 23810

Peirce's mass

Struve's mass

19840
1

20837 5193 19935

Neptune with

14496
1

Leverrier's theoretical Planet, mass^
The masses here assigned to Neptune ax-e those respectively

deduced by Prof. Peirceand M. Struve from observations of
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the satellite discovered by Mr, Lassell made with the large

telescopes of Fraunhofer in the observatories of Cambrido;e,

TJ. S. and Pulkova respectively. These it will be perceived

dilFer very considerably, as might reasonably be expected in

the results of micrometrical measurements of such difficulty,

and it is not possible at present to say to which the preference

ought to be given. As compared Avith the mass assigned by
M. Struve, an agreement on the whole more satisfactory could

not have been looked for within the interval immediately

in question.

(773.) Subject then to this uncertainty as to the real mass
of Neptune, the theoretical planet of Leverrier must be con-
sidered as representing with quite as much fidelity as could
possibly be expected in a research of such exceeding delicacy,

the particulars of its motion and perturbative action during
the forty years elapsed from 1805 to 1845, an interval which
(as is obvious from the rapid diminution of the forces on
either side of the conjunction indicated by the numbers here
set down) comprises all the most influential range of its

action. This will, however, be placed in full evidence by
the construction of curves representing the normal and tan-
gential forces on the principles laid down (as far as the
normal constituent is concerned) in art. (717.), one slight

change only being made, which, for the purpose in view, con-
duces greatly to clearness of conception. The force L s (in

the figure of that article) being supposed applied at P in the
direction L s, we here construct the curve of the normal
force by erecting at P {fig. 5. Plate A) PW always perpen-
dicular to the disturbed orbit, A P, at P, measured from P
in the same direction that S lies from L, and equal in leno-th

to L S. PW then will always represent both the direction
and magnitude of the normal force acting at P. And in like

manner, if we take always P Z on the tangent to the dis-

turbed orbit at P, equal to N L of the former figure, and
measured in the same direction from P that L is from
N, P Z will represent both in magnitude and direction
the tangential force acting at P. Thus will be traced
out the two curious ovals represented in our figure of

N N
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their proper forms and proportions for the case in question.

That expressing the normal force is formed of four lobes,

having a common point in S, viz., SWmXSaSn S & MV,

and that expressing the tangential, AZc/Bec^YAA

consisting of four mutually intersecting loops, surrounding

and touching the disturbed orbit in four points, AB cd.

The normal force acts outwards over all that part ot the

orbit, both in conjunction and opposition, corresponding to

the portions of the lobes m, n, exterior to the disturbed orbit,

and inwards in every other part. The figure sets m a clear

lio-ht the great disproportion between the energy of this torce

near the conjunction, and in any other configuration of the

planets ; its exceedingly rapid degradation as P approaches

the point of neutrahty (whose situation is 35° 5' on either side

of the conjunction, an arc described synodicaUy by Uranus m

16^-72) • and the comparatively short duration and consequent

inefficacy to produce any great amount of pertui'bation, of the

more intense part of its inward action in the small portions ot

the orbit corresponding to the lobes a, b, in which the hne

representing the inward force exceeds the radius of the

circle. It exhibits, too, with no less distinctness, the gradual

developement, and rapid degradation and extinction of the

tangential force from its neutral points, c, d, on either side

up to the conjunction, where its action is reversed, being

accelerative over the arc ^ A, and retardative over Ac, each

of which arcs has an amplitude of 71° 20', and is described

by Uranus synodically in 34^-00. The insignificance of the

tangential force in the configurations remote from conjunction

throughout the ^vocBd is also obviously expressed by the

small comparative developement of the loops e,f.

(774 ) Let us now consider how the action of these forces

results in the production of that peculiar character of per-

turbation which is exhibited in our curve, 4. Plate

A. It is at once evident that the increase of the longitude

from 1800 to 1822, the cessation of that increase m 18-2

and its conversion into a decrease during the subsequen

interval is in complete accordance with the growth rapid

decay, extinction at conjunction, and subsequent reproduction
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in a reversed sense of the tangential force : so that we cannot

hesitate in attributing the greater part of the perturbation

expressed by the swell and subsidence of the curve between
the years 1800 and 1845, — all that part, indeed, which
is symmetrical on either side of 1822— to the action of the

tangential force.

(775.) But it will be asked, — has then the normal force

(which, on the plain showing of Jig. 5., is nearly twice as

powerful as the tangential, and which does not reverse its

action, like the latter force, at the point of conjunction, but,

on the contrary, is there most energetic,) no influence in

producing the observed effects? We answer, very little,

within the period to which observation had extended up to

1845. The effect of the tangential force on the longitude is

direct and immediate (art. 660.), that of the normal indirect,

consequential, and cumulative with the progress of time
(art. 734.). The effect of the tangential force on the mean
motion takes place through the medium of the change it pro-

duces on the axis, and is transient : the reversed action after

conjunction (supposing the orbits circular), exactly destroying
all the previous effect, and leaving the mean motion on the
whole unaffected. In the passage through the conjunction-,

then, the tangential force produces a sudden and powerful
acceleration, succeeded by an equally powerful and equal! v
sudden retardation, which done, its action is completed, and
no trace remains in the subsequent motion of the planet that
it ever existed, for its action on the perihelion and excentricity

is in like manner also nullified by its reversal of direction.

But with the normal force the case is far otherwise. Its

immediate effect on the angular motion is nil. It is not till

it has acted long enough to produce a perceptible cliange in

the distance of the disturbed planet from the sun that the
angular velocity begins to be sensibly afl'ected, and it is not
till its whole outward action has been exerted (I e. over the
whole interval from neutral point to neutral point) that its

maximum effect in lifting the disturbed planet away fi-om
the sun has been produced, and the full amount of diminution
in angular velocity it is capable of causing has been developed.

N N 2
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TJds continnes to act in producing a retardation in longitude

long after the normal force itself has reversed its action, and

from a powerful outward force has become a feeble inward

one. A certain portion of this perturbation is incident on

the epoch in the mode described in art. (731.) et seq., and

permanently disturbs the mean motion from what it would

have been, had Neptune no existence. The rest of its effect

is compensated in a single synodic revolution, not by the

reversal of the action of the force (for that reversed action is

far too feeble for this purpose), but by the effect of the per-

manent alteration produced in the excentricity, which (the axis

being unchanged) compensates by increased proximity in one

part°of the revolution, for increased distance in the other.

Sufficient time has not yet elapsed since the conjunction to

bring out into full evidence the influence of this force. Still

its commencement is quite unequivocally marked in the more

rapid descent of our curve Jig. 4., subsequent to the con-

junction than ascent previous to that epoch, which indicates

the commencement of a series of undulations in its future

•course of an elliptic character, consequent on the altered ex-

<;entrlcity and perihelion (the total and ultimate effect of this

constituent of the disturbing force) which will be maintained

till within about 20 years from the next conjunction, with

. the exception, perhaps, of some trifling inequalities about the

time of the opposition, similar in character, but far inferior

in magnitude to those now under discussion.

(776.) Posterity will hardly credit that, with a fuU know-

ledge of all the circumstances attending this great discovery

— of the calculations of Leverrier and Adams— of the com-

munication of it« predicted place to Dr. Galle— and of the

new planet being actually found by him in that place, in the

remarkable manner above commemorated; not only have

doubts been expressed as to the validity of the calculations

of those geometers, and the legitimacy of their conclusions,

but these doubts have been carried so far as to lead the

objectors to attribute the acknowledged fact of a planet pre-

viously unknown occupying that precise place in the heavens
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at that precise time, to sheer accident !* What share accident
may have had in the successful issue of the calculations, we
presume the reader, after what has been said, will have little

difficulty in satisfying himself. As regards the time when
the discovery was made, much has also been attributed to

fortunate coincidence. The following considerations will, Ave

apprehend, completely dissipate this idea, if still lingering in

the mind of any one at all conversant with the subject. The
period of Uranus being 84-0140 years, and that of Neptune
164-6181, their synodic revolution (art.. 418.), or the interval

between two successive conjunctions, is 171-58 years. The
late conjunction having taken place about the becfinnino- of

1822; that next preceding must have happened in 1649, or
more than 40 years before the first recorded observation of
Uranus in 1690, to say nothing of its discovery as a planet.

In 1690, then, it must have been effectually out of reach of any
perturbative influence worth considering, and so it remained
during the whole interval from thence to 1800. From that
time the effect of perturbation began to become sensible, about
1805 prominent, and in 1820 had nearly reached its maximum.
At this epoch an alarm was sounded. The maximum was
not attained,— the event, so important to astronomy, was still

* These doubts seem to have originated partly in the great disagreement
between the predicted and real elements of Neptune, partly in the near (possibly
precise) commensurability of the mean motions of Neptune and Uranus We
conceive them however to. be founded in a total misconception of the nature of
the problem, which was not, from such obviously uncertain indications as the
observed discordances could give, to determine as astronomical quantities the
axis, excentricity and mass of the disturbing planet ; but practically to discover
where to look for it

:
when, if once found, these elements would be far better

ascertained. To do this, any axis, excentricity, perihelion, and mass, however wide
of the truth, which would represent, even rouglily the amount, but with tolerable
correctness the direction of the disturbing force during the very moderate inter-
val when the departures from theory were really considerable, would equally
serve their purposes; and with an excentricity, mass, and perihelion disposable
It IS obvious that any assumption of the axis between the limits 30 and 38 nav'
even with a much wider inferior limit, would serve the purpose. In his attempt
to assign an inferior limit to the axis, and in the value so assigned, M. Leverrier
It must be admitted, was not successful. Mr. Adams, on the other hand, \n.fluenced by no considerations of the kind which appear to have welffhed with
his brother geometer, fixed ultimately (as we have seen) before the actual dis-
covery oj the planet, on an axis not very egregiouslv wrong. Still it were to hewished, for the satisfaction of all parties, that some one would undertake thoproblem de novo employing formula not liable to the passage through inlin ty'which, technically speaking, hampers, or may he supposed to hamper, the coth««,>«, application of the usual perturbational formula when cases of L-ommei -
surability occur.

i-uuiaiLii-
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in proo-ress of developement—when the fact (any thing rather

than a^ striking one) was noticed, and made matter of com-

plaint. Bmt the time for discussing its cause with any

prospect of success was not yet come. Every thmg turns

upon the precise determination of the epoch of the maximum,

when the perturbing and perturbed planet were in conjunc-

tion, and upon the law of increase and diminution of the pertur-

bation itself on either side of that point. Now it is always

difficult to assign the time of the occurrence of a imximum

by observations liable to errors bearing a ratio far from

inconsiderable to the whole quantity observed. Until the

lapse of some years from 1822 it would have been impossible

to have fixed that epoch with any certainty, and as respect^

the law of degradation and total arc of longitude over which

the sensible perturbations extend, we axe hardly yet amved

at a period when this can be said to be completely deter-

minable from observation alone. In all this we see nothmg

of accident, unless it be accidental that an event which mus

have happened between 1781 and 1953, actually happened

in 1822 ; and that we live in an age when astronomy has

reached that perfection, and its cultivators exercise that vi-

gilance which neither permit such an event, nor its scientific

importance, to pass unnoticed. The blossom had been wa ched

with interest in its developement, and the fruit was gathered

in the very moment of maturity.*

(776 .a.) In the foregoing chapters we have enumerated

and described the several bodies so far as known of which

our system consists, and have shown how their mutual dis-

tances from and their motions with respect to each other may

* The student who n,ay wish to see the perturbations <,f Uranus produced

tt^l^t^ 7:::^^^ ^r wXr. (of Washington, IX S.) in^

f.V:o"ct'Srof the American A-^erny of Ans and Sc.en^^^^^^^^^

with those of Mr. Adamss t"e^
Neptune and Mr. Adams's "hypo-

enormous difference ^^-^ Uranus. This is easily explained. Mn

SSs^Srh^r^r^^f^
;rf^i=rd^SS=^^
resulting IVo.n the near oon,mensurab>Uty of the motions.
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be determined, and their masses compared with that of the

central body, and ultimately with that of our own planet as

a unit of reference ; but nothing has been said respecting the

means by which that unit itself can be brought into com-
parison with the mass, weight, or inertia of those portions of

its substance which we see and handle on its surface. This

datum— the total weight of the earth itself— the number
of times that its entire mass exceeds that of a pound of lead

or other matter— or in other words (its bulk being accu-

rately known), its mean density— remains up to this point

of the present work undetermined, and is the one thing want-
ing to complete our knowledge of the data of our system and
fully to connect astronomy with ordinary mechanics. We
shall now therefore proceed to explain the methods by which
this has been accomplished.

(776 5.) The principle which at once suggests itself to every
mind is to measure the direct attraction, if it be possible, of
some known mass, at some known distance, on some other.

"We say, if it be possible, because whatever notion we may
foi-m a priori of the weight of the earth as estimated in

pounds or tons, it is clearly something enormous; and more-
over, since it follows from the law of gravitative attraction *

that the attractions of spheres of equal density on points at

their surface are to each other as their radii, the attraction

of a globe a foot in diameter, of the same average density of

the earth, on a material point at its own surface would onlv
amount to the 41,849,280th part ofthe weight of such material

point; and therefore its attraction on a spherical body,
suppose also a foot in diameter, placed in contact with it,

would only amount to one 167,397,120th part of the weight
of such body. Now when we have to deal with fractions of
such an order of minuteness, all ordinary modes of directly

measuring forces and weights break down, and the utmost
resources of invention and art must be taxed even to render
them perceptible, to say nothing of their precise determi-
nation.

(776 c.) The first and most obvious mode of producing a

* Priiicip. bk. I. prop. 72.
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magnified result is to augment, in as high a ratio as possible,

the°attracting mass ; and therefore to substitute some great

natural mass of the most suitable form which can be found,

for an artificial sphere. And as the resources afforded by

the integral calculus furnish the means of calculating the at-

traction of a body of any size and figure of known materials

on a point any where situated without it, the idea naturally

enough suggested itself to take some large mountain, of as

regufar a shape as might be found, for the attracting body,

and to measure its attraction, on a principle pointed out by

Newton*, by the deviation from verticality of a plumb-lme

suspended near it, which will necessarUy be drawn aside

towards the mountain. As the deflexion to be expected

however, even in the case of a very large mountain, is still

exceedingly minute, the working out of this idea into prac-

tice caUs for very exact and refined astronomical observations.

(776 rf.) In the first place the question arises in limine,

how are we to ascertain, at any place, what is a vertical di-

rection ? The deviated plumb-line, it is obvious, cannot give

us this information, nor can levels, for the surface of still

water is always at right angles to the single force, whatever

that may be, which results from a combination of all the

forces acting on it- in other words, to the direction of the

deviated plumb-line. Here it is that our knowledge of the

fio-ure and dimensions of the earth stand us m stead. We

cannot, it is true, remove the mountain so as to find where

the plumb-line would point, or the level rest in its absence;

but we can shift our station to the opposite side, and by

sidereal observation ascertain whether the direction of the

plumb-line has varied by more or less than the amount of

change due to such a change of station on the globe. Thus

then we proceed :
—

Suppose M the mountain, A B a circle of latitude passmg

through two stations P, Q, at its foot (or rather at such

heights on its slope as shall correspond to the maxima of

its lateral attraction,) at each of which let observations be

Ide with a portable zenith sector alternately established at

* Treatise on the System of the World in a popular way, (1728).
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one and the other of the zenith distances of some star pass-
ing very near the zenith of the mountain (so as to free the

observations from uncertainty of refraction). Were there
no lateral attraction, the plumb-lines at both stations would
point directly to the center of curvature C of the terrestrial
spheroid (art. 219.), and the angle between them, P C Q,
would be the difference of latitudes of the stations. Now
the dimensions and elUpticIty of the earth as a whole being
known, this latter difference can be independently determined
by a trigonometrical survey instituted for the purpose, a
base being measured, and the meridional distance P Q as-
certained by triangulation(art. 274. et seq>), which, converted
mto seconds of latitude, gives the difference in question; to
which, were there no local attraction, the observed difference
of zenith distances ought to correspond. But this wiU not be
the case. The mountain will attract the plummet both ways
inwards, into situations P E, Q E, including a greater angle
than P C Q, and this being the observed angle or apparent
difference of zenith distances — subtracting from it the dif-
ference of latitude so independently obtained, the excess will
represent the sum of the two deviations north and south due
to the attraction required. The mountain has then to be
surveyed, and modelled, and mineralogical specimens taken
from every accessible part of it, and their specific gravities
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cletermiBed ; and thus, no matter with what amount of cal-

culation (for it is no light task), the total lateral attraction

is computed in units of some definite scale; such, for instance,

that each unit shall represent the total attraction of a sphere

of lib. weight, on a point 1 foot distant from its center. The

sum of airthese units, each reduced to a horizontal direc-

tion, is the total lateral attraction of the mountain, and is

therefore to the total vertical attraction of the earth, as the

tangent of the deviation (taken so as to divide the total ob-

served difference in the ratio of the computed attractions at

either station), is to radius.

(776 e.) The process is laborious and costly—requires ex-

cellent instruments and the cooperation of more than one

practised observer. It has, however, been put in execution

on several occasions; viz., 1st, by the French Academi-

cians, Bouguer and La Condamine, who in the course ot

their operations in Peru for the measurement of an arc o

the meridian (art. 216.) instituted observations of the kind

above described on Chimborazo in 1738. Their means of

observation, however, were not such as to afford any distinct

result, though a deviation of the plumb-line to tbe amount ot

about 11" appears to have been obtamed. 2nd, by Maske-

lyne in 1774, on the mountain Schehallien m Scotland, a

mountain, not indeed of any great magnitude, being only about

3000 feet in altitude, but weU situated, and otherwise wel

adapted for the experiment. It was successful. A J
omt

amount of the lateral deviations on either side, of 11 '6, was

well ascertained to be produced by the local attraction, and

the calculations being executed, (by Dr. Button and sub-

sequently by Professor Playfalr,) a result entitled to some

reliance was obtained, according to which the mean density

of the earth comes out 4-713 times that of water at the sur-

face More recently, we find a series of observations in-

stituted by Sir H. James, Superintendent of the Ordnance

on Arthur's Scat near Edinburgh*, by which, from a

deflexion of 2-21 observed on the north and of 2-00 on the

Bouth side of that mountain, a mean density results of 5 31b.

• Phil, Tr. 1856, p. 591.
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(776 /) Observations of the time of oscillation of a pen-

dulum afford (see art. 235.) a direct measure of the force by
which the oscillating mass is urged vertically downwards.

Hence it follows that if this time be very precisely deter-

mined, both at the summit and at the foot of a mountain or

elevated table land, the attraction of the mass of such moun-
tain or table land vertically downwards will become known.

For gravity decreasing inversely as the square of the dis-

tance would be enfeebled by the increase of that distance in

a proportion which can be precisely calculated from the

known height of the upper station ; and therefore, could the

pendulum be supported in the air at that height, the increase

of its time of oscillation, under those circumstances, would
be exactly known by calculation. But being supported on
a mountain mass, protruding above the level surface of the

terrestrial spheroid, the attraction of that mass acts on it in

addition to the so diminished force of general gravitation,

and prevents it from losing on the sea-level rate so much as

it would do were the mountain devoid of attractive power.
Experiments of this nature have been made by the Italian

astronomers Plana and Carlini on Mont Cenis in Savoy, and
the result, all computations executed, have given 4*950 for
the mean density in question.

(776 g.) But it is also possible to descend below, as well
as to rise above, the general sea-level, and to observe the
pendulum at great depths below that level, as in deep mines
It was shown by jN'ewton* that the attraction of a hollow
spherical, homogeneous shell on a point however situate
within it, is simply nil, i.e. that the material point so placed
is equally attracted by it in all directions. Hence by de-
scending below the surface, we set ourselves free of the at-
traction of the whole spherical shell exterior to the point of
observation, and the remaining attraction is the same as that
of the whole interior mass collected in its center. This may,
or may not, be less than the attraction of the whole earth on
a point at its surface. It will be less if the earth be homo-
geneous or of the same density throughout; for in that

* Princip. Lib. i. Prop. 70.
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case Newton has shown* that the attractive forces of the

whole sphere, and of the interior sphere, each on a point on

its own surface, are to each other as their radii. But if the

internal portions of the earth be more dense than the external,

(as they must be if the foregoing determinations be any ap-

proach to truth,) it may be greater. The experiment has

been made, on three several occasions, by the present Astro-

nomer Eoyal (Mr. Airy). On the two first in the Dolcoath

mine in Cornwall at a depth of 1200 feet-a clock and

pendulum were transported alternately to the bottom and the

mouth of the shaft. On both these occasions the arrangements

were defeated ; on the first, by the accidental combustion

of the packages of instruments in mid-air while in the act ot

raisino- them from below, attended with their precipitation

down°the shaft of the mine ; on the other, by the subsidence

of a mass of rock, « many times the size of Westmmster

Abbey," during the experiments, deluging the mine with

water and forcing a premature conclusion. The third at-

tempt, (in the Harton Coal Pit, near South Shields 1 200

feet in depth,)proved perfectly successful and the oscillations

of the pendulum below being eompared with those of the

clock above, by the immediate transmission of the beats of

the latter down the mine by an electric wire, the g^e^t d &-

culty (that of the exact transmission of time) was annihilated

The result of this experiment was that a pendulum vibrating

seconds at the mouth of the pit, would gain 2i sec. per day

at its bottom; and the final result (o wliich tl- - -kti -

have very recently been published!) gives 6-565 for the

mean density of the earth.

%76 h 1 The difference between these several results is

consideraUe, and even the interval between the last n^n-

Zed and the highest of the others pretty large :
it is

ed over l>owe;er, so to speak, and the interval partly

Mled up, by the results of a totally different elass of expen-

1' iTf a -nch more eurious and art,iie,al nature "Inch we

W now to describe. We have abeady seen (art. 234.) that

"erof gravity may be brought directly mto companson

.p,i„cip.U..i.Pr.p.7e. t «1. T„». .S56, p .i97.
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witli otter material forces by using as an intermedium the
elastic power of a spring. What is true of gravitation to

the whole mass of the earth is equally so of gravitation to-

wards any material mass, as a leaden ball. It may be
measured by equilibrating it with the tension of a spring;
provided, 1st, that we can frame a spring so delicate as to be
visibly and measurably affected by so minute a force

; 2ndly,
that the force can be so applied as to be the only force tend-
ing to bend the spring, a condition which implies that it shall

act on it, not vertically, but horizontally, so as to eliminate the
weight of the spring, or at least prevent its being mixed up
with the result

; and, 3rdly, that we shall possess some in-

dependent means of measuring the elastic power of the spring
itself. All these conditions are satisfied by the balance of
torsion, devised by MicheUwith a view to this enquiry, and ap-
plied, after his death, to the intended purpose by Cavendish, in
the celebrated experiment usually cited as " the Cavendish
Experiment."*

(776 z.) The apparatus consists essentially of a long wooden
rod made so as to unite great strength with little weight;
carrying at its extremities two equal balls A,B, and suspended

m a horizontal situation by a wire no thicker than necessary
securely to sustain the weight, from a point over its center

,\L ^'li'-' T''°"'-r I^^'
Cavendish expressly states that Michell's invcn-

Santt! Ir"".
"'''^""'-"t, and his communication of it to him, was antlcedent to the pubhcation of Coulomb's researches.
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of gravity, tlie wire being arranged as in the figure, so as to

relfeve the rod of the weight of the balls, its office being

solely to keep them apart at a given horizontal distance. It

is evident that when suspended from C, and allowed to take

its position of equilibrium undisturbed by any external force,

the rod will assume such a situation that the wire C D shall

be quite devoid of torsion; but that if the rod AB be dis-

turbed from this neutral position, C D remaining vertical, the

elastic force of the wire caUed into action by the torsion so

induced will tend to bring it back to the point of departure

by a force proportional to the angle of torsion. When so

disturbed then, and abandoned to itself, it will oscilhite

backward and forward in horizontal arcs, the oscillations

being all performed in equal times; and from the time observed

to be occupied in each oscillation, the weights of the balls

and that of the rod being known, we are able, from dynamical

principles, to determine the motive force by which the wire

acts on the balls, or the force of torsion. Suppose, now,

two heavy leaden spheres to be brought, laterally, up nearly

into contact, the one with A, the other with B, but on oppo-

site sides of them, they will attract A,B, and their attrac-

tions will conspire in twisting the wire the same way; so that

the point of rest will be changed from the original neutral

point to one in which the torsion shall just counterbalance

the attractions. By shifting the attracting balls alternately

to the one and the other sides of A B, these will assume posi-

tions of rest alternately on opposite sides of the original

neutral point, and equidistant, from it, so that the deviation,

if any, shaU thus become doubled in its effect on the read-

ino-s off of a scale marked by a pointer at the end of the rod,

which may be observed through a telescope pkced at a dis-

tance, so that the approach of the observer's person may create

no disturbance.
^ . - ^ -„

(776 1 ) Practically, the observation is not so simple as m

the above statement. The balls can hardly ever be brought

completely to rest ; and the neutral point has to be cone uded

by noting the extremes of the arc of oscillation, perpetua ly

dfrninishhig by the resistance of the air. And when the



THE CAVENDISH EXPERIMENT. 559

attracting balls are brought into action, their attraction (act-
ing laterally, according to the inverse squares of the distances)
mixes itself with the force of torsion, to produce a compound
law of force, under whose influence the times, velocities, and
arcs have a diflferent relation from those due to the torsion
alone, and which, when investigated rigorously, lead to cal-
culations of great complexity. Fortunately, the extreme
minuteness of the attractive forces dispenses with a rigorous
solution of this problem, and allows of a very simpfe and
ready approximation, quite exact enough for the purpose.
But besides these, a host of disturbing influences, arising
from currents of air induced by difference of temperature"
has to be contended with or guarded against, so as to render
the experiment one of great difficulty and full of niceties, the
mere enumeration of which here, however, would lead us far
beyond our limits. *

(776 L) The experiment, as conducted by Cavendish,
afforded as its final result 5-480. Repeated since, with
greater precautions, by Professor Eeieh, 5-438 was obtained

;

and still more recently, by the late F. Baily, in a series of
experiments exhibiting an astonishing amount of skill and
patience in overcoming the almost innumerable obstacles to
complete success, 5-660; a result undoubtedly preferable to
the two former. Thus the final result of the whole enquiry
will stand as below, the densities concluded being arranged
in order of magnitude .- — ^

Schehallien experiment, by Maskelyne, calculated by Playfair D= 4.713Carhm from pendulum on Mount Cenis (corrected by Giulio) - 4-0 50
Col. James from attraction of Arthur's Seat - . 5.0,^
Reich, repetition of Cavendish experiment - . . 5.430
Cavendish, result 5-480, corrected by Mr. Baily's recomputation - 5-448
Uaily s repetition of Cavendish experiment ... g.^gQAiry, from pendulum in Harton coal-pit - . - . 6.5^5

General mean . . 5-44 if
Mean of greatest and least - 5-639

7^" T'*''"'^'^
to be on his guard against accepting as correct an

<vZ n,
°f 'he Cavendis^i experiment, professi.rg to em^„t"

and Zr7^ authority, and 'passed without not! or com me, t

cention rf
''""=''°"e'J) ""other, but which involves a totalm™

t Newton, by one of his astonishing divinations, had already expressed his
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(776 I.) Calculating on Si as a result sufficiently approxi-

mative and conyenient for memory ;
taking the mean diameter

of the earth, considered as a sphere, at 7912-41 miles, and

the weight of a cubic foot of water at 62-3211 lbs.; we find

for its solid content in cubic miles, 259,373 millions and for

its weight in tons of 2240 lbs. avoird. each, 5842 trillions (=

5842 X 10^8).

opinion that t.,e mean density of the earth would be found to be between five

end six times that of water. ( Pnnc. ui. 1 0.

)
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PART m.

OF SIDEREAL ASTRONOMT.

CHAPTER XV.

OF THE FIXED STAKS.— THEIR CLASSIFICATION BY MAGNITUDES —
PHOTOMETRIC SCALE OP MAGNITUDES.— CONVENTIONAL OR VUI-
GAR SCALE.— PHOTOMETRIC COMPARISON OP STARS.— DISTRIBU-
TION OP STARS OVER THE HEAVENS.— OF THE MILKY WAT OR
GALAXY. -ITS SUPPOSED FORM THAT OF A FLAT STRATUM PAR-
TIALLY SUBDIVIDED.- ITS VISIBLE COURSE AMONG THE CONSTEI

-

LATIONS. _ ITS INTERNAL STRUCTURE.— ITS APPARENTLY INDF-
FINITE EXTENT IN CERTAIN DffiECTIONS. - OP THE DISTANCE OPTHE FIXED STARS. -THEIR ANNUAL PARALLAX.- PAJiALLACTIC
UNIT OF SmEREAL DISTANCE.-EPPECT OP PARAI.LAX ANALOGOUS
TO THAT OP ABERRATION.-HOW DISTINGUISHED PROM IT — DE
TECTION OF PARALLAX BY MERmiONAL OBSERVATIONS 1 HENDERSONS APPLICATION TO a CENTAURL - BY DIPPERENTIAL OBSERVATIONS.- DISCOVERIES OP BESSEL AND STRUVE. _ LIST OPSTARS IN WHICH PARALLAX HAS BEEN DETECTED.— OP THE REALMAGNITUDES OP THE STARS.— COMPARISON OF THEIR LIGHTS
AVITH THAT OF THE SUN.

(777.) Besides the bodies we have described in the fore
going chapters, the heavens present us with an innumerable
multitude of Other objects, which are called generally by thename of stars. Though comprehending individuals difFerinc
from each other, not merely in brightness, but in many othe?
essential points, they all agree in one attribute, - a hioh
degree of permanence as to apparent relative situation Thishas procured them the title of "fixed stars;" an expression
which IS to be understood in a comparative and not an abso-
lute^ sense. It being certain that many, and probable that all
are m a state of motion, although too slow to be perceptible

o o
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unless by means of very delicate observations, continued

durino; a long series of years.

(778.) Astronomers are in the habit of distmgmshmg the

stars into classes, according to their appai'ent brightness^

These are termed magnitudes. The br;ghtest stars are sa.d

to be of the first magnitude; those which fall so far shor

of the first degree of brightness as to malce a strongly marked

distinction are classed in the second; -^^^^/^"^^^
sixth or seventh, which comprise the smaUest stars visibk to

the naked eye, in the clearest and darkest mght. Beyond

these, however, telescopes contmue the range of visxbihty,

and Magnitudes from the 8th down to the 16th are famdxar o

those who are in the practice of usmg powerful t^,

nor does there seem the least reason to assign a hrmt to th.s

Progression; every increase in the dimensions and power of

Lt— which successive improvements in optical science

ha attain'ed, having brought into view multitudes i^u-

nierable of objects invisible before; so t"^^^^^^

experience has hitherto taught us, the number of the star»

"ay be really infinite, in the only sense m winch we can

assio-n a meaning to the word.
. , i, ;+

?79 ) This classification into magnitudes however it

J t be observed, is entirely arbitrary. Of a multitu e

of bright objects, differing probably, intrinsically, both m

le and n splendour, and arranged at unequal distances from

us one mus of necessity appear the brightest, one next below

it 'Id s^ on. An ordJr of succession (j^^-^^^
our local situation among them) must exist, and it i. a matter

orabsolute indifference, where, in that nfinite progression

Lnwards, from the one brightest - tl^ ^ II^ o

to draw our lines of demarcation. AH this s a inattei oi

Ponvention. Usage, however, has established such a

pure convention.
^ ^^^.^^^ ^^^^^.^^.^^^ ^^^^

convention, and thou^^^^
and the next begins,

or a prion, ^^^^ere one
^^^^^ ^^^^^

tudes, yc^^Vr nhout 23 or 24 principal stars; their
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smaUer, and so on; the numbers increasing very rapidly as
we descend in the scale of briglitnetss, the whole number
pf stars ah-eady registered down to the seventh magnitude,
inclusive, amounting to from 12000 to 15000.

(780.) As we do not see the actual disc of a star, but
judge only of its brightness by the total impression made
upon the eye, the apparent " magnitude " of any star will it
IS evident, depend, 1st, on the star's distance from us; 2d on
the absolute magnitude of its illuminated surface; 3d, on 'the
intrmsic brightness of that surface. Now, as we know no-
thmg, or next to nothing, of any of these data, and have
every reason for believing that each of them may differ in
different mdividuals, in the proportion of many millions to
one. It is cleai' that we are not to expect much satisfaction in
any conclusions we may draw from numerical statements of
the number of individuals which have been arranged in our
artificial classes antecedent to any general or definite principle
of arrangement. In fact, astronomers have not yet ao-reed
upon any prmciple by which the magnitudes may be photo-
metricaHy classed a priori, whether for example a scale of
brightnesses decreasing in geometrical progression should be
adopted, each term being one half of the preceding, or one
third, or any other ratio, or whether it would not be prefer-
able to adopt a scale decreasing as the squares of the terms
of an harmomc progression, i. e. according to the series 1,
i' h TE> 2 &c. The former would be a purely photometric
scale, and would have the apparent advantage that the liaht
of a star of any magnitude would bear a fixed proportion'^to
that of the magnitude next above it, an advantage, however
merely apparent, as it is certain, from many optical facts, that
the unaided eye forms very different judgments of the pro-
portions existing between bright lights, and those between
feeble ones. The latter scale involves a physical idea, that of
supposing the scale of magnitudes to correspond to the ap
pcarance of a first magnitude standard star, removed succes-
sively to twice, three times, &c. its original or standard
distance. Such a scale, which would make the nominal
magmtude a sort of index to the presi^mabk or average dis-



564 OUTLINES OF ASTRONOMY.

tance, on the supposition of an equality among the real lights

of the stars, would facilitate the expression of speculative ideas

on the constitution of the sidereal heavens. On the other

hand, it would at first sight appear to make too smaU a diff^-

ence between the lights in the lower magmtudes. Jor ex-

ample, on this principle of nomenclature, the hght of a stai

of the seventh magnitude would be thh.y--
f^^fj^^

of one of the sixth, and of the tenth 81 hundredths of the

ninth, while between the first and the second the propoition

would- be that of four to one. So far, however from tk

really objectionable, it faUs in well with the genei-al

teno? of the optical facts already alluded to, masmuch as the

eye in the absence of distm^bing causes) does actually discn-

linate with greater precision between the -l^tive—
of feeble lights than of bright ones, so that the fraction

L instance: expresses quite as great a step ^ow-ards (i^y-

sioloo-ically speaking) from the sixth magnitude, a. does

from he first AsL choice, therefore, so far as we can see,

eTbetween these two scales, in drawing the lines of demar-

Intlon between what may be termed the photometnca magm-

rr'f tL Ivs, we have no hesitation in adopting, and

TeclnLding others to adopt, the latter system m preference

m/T The conventional magnitudes actually in use among

astronomers, so far as their usage is consistent

-^^^
conforms moreover very much more nearly to this t^^^^

Tometrical progression. It has been shown * by dnect pho-

foZtl meisuLent of the light of a -ns^derabk nu-b-

TZs from the first to the fourth magmtude, that if M be

1 number expressing the magnitude of a star on the above

Z and m the number expressing themagmtudeof the same

Sr n he bole and ii-regiar language at present conven-

! IW or rather provisionally adopted, so far as it can be col-

lonaUy 01 rathex P
authorities of different observers,

^ / . bereen these numbers, or M-». is the same

t^:^^ «^ ''^^
'

'''''

. Sec " Results of Observations made at the Cape of Good Hope. &c. &c.-

f.
S-il. By the Author.
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nitude (0*. 414). The standard star assumed as the unit of
magnitude in the measurements referred to, is the bright

southern star a Centauri, a star somewhat superior to Arcturus
in lustre. If we take the distance of this star for unity, it

follows that when removed to the distances 1-414, 2*414,

3-414, &c. its apparent lustre would equal those of average
stars of the 1st, 2d, 3d, &c. magnitudes, as ordinarily reckoned,

respectively.

(782. ) The difference of lustre between stars of two con-
secutive magnitudes is so considerable as to allow of many
intermediate gradations being perfectly well distinguished.

Hardly any two stars of the first or of the second magnitude
would be judged by an eye practised in such comparisons to
be exactly equal in brightness. Hence, the necessity, if any-
thing like accuracy be aimed at, of subdividing the magni-
tudes and admitting fractions into our nomenclature of
brightness. When this necessity first began to be felt, a
simple bisection of the interval was recognized, and the inter-
mediate degree of brightness was thus designated, viz. 1.2 m,
2.3 m, and so on. At present it is not unfrequent to find the
interval trisected thus: 1 m, 1.2m, 2.1m, 2m, &c. where
the expression 1.2 m denotes a magnitude intermediate be-
tween the first and second, but nearer 1 than 2 ; while 2.] m
designates a magnitude also intermediate, but nearer 2 than
1. This may suffice for common parlance, but as this depart-
ment of astronomy progresses towards exactness, a decimal
subdivision will of necessity supersede these rude forms of
expression, and the magnitude will be expressed by an inteo-er

number followed by a decimal fraction; as for instance, 2.51
which expresses the magnitude of 7 Geminorum on the
vulgar or conventional scale of magnitudes, by which we at
once perceive that its place is almost exactly half way
between the 2d and 3d average magnitudes, and that its

light IS to that of an average first magnitude star in that scale
(of which « Orionis in its usual or normal state * may be
taken as a typical specimen) as 1 ^

: (2-51)2, and to that of a.

• In the interval from 1836 to 1839 this star underwent considerable and re.markable fluctuations of brightness.
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Centauri as 1 ^: (2-924)% making its place in tte photometric

scale (so defined) 2-924. Lists of stars nortliern and southern,

comprehending those of the vulgar first, second, and third

magnitudes, with their magnitudes decunally expressed in

both systems, will be found at the end of this work. The

light of a star of the sixth magnitude may be roughly stated

a" about the hundredth part of one of the first. Sirius would

make between three and four hundred stars of that magnitude.

(783.) The exact photometrical determination of the com-

parative intensities of light of the stars is attended with many

and great difficulties, arising partly from their differences of

colour; partly from the circumstance that no invariable

standard of artificial light has yet been discovered ;
partly

from the physiological cause above alluded to, by which the

eye is incapacitated from judging correctly of the propoi-tion

of two lights, and can only decide (and that with not very

great precision) as to their equality or inequality ;
and partly

from other physiological causes. The least objectionable

method hitherto proposed would appear to be the foUowing.

A natural standard of comparison is in the first instance

selected, brighter than any of the stars, so as to allow of

being equalized with any of them by a reduction of its Hght

optically effected, and at the same time either invariable, or

at least only so' variable that its changes can be exactly cal-

culated and reduced to numerical estimation. Such a

standard is offered by the planet Jupiter, which, bemg much

brighter than any star, subject to no phases, and variable m

light only by the variation of its distance from the sun, and

which moreover comes in succession above the horizon at a

convenient altitude, simultaneously with aU the fixed stars,

and, in the absence of the moon, twilight, and other disturb-

ing causes (which fatally affect all observations of this nature),

combines all tlie requisite conditions. Let us suppose, now,

that Jupiter being at A and the star to be compared with it

at B, a gkss prism C, is so placed that the light of the

planet deflected by total internal reflexion at its base, shall

emerge parallel to B E the direction of the stars visual ray.

After reflexion, let it be received on a lens D, in whose focus
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F, it will form a small bright star-like unage capable of being
viewed bj an eye placed at E, so far out of the axis of the cone
of diverging rays as to admit of seeing at the same time, and

E
' —— . .

with the same eye, and so comparing, this image with the
star seen directly. By bringing the eye nearer to or further
from the focus F, the apparent brightness of the focal point
wHl be varied in the inverse ratio of the square of the dis-
tance E F, and therefore may be equalized, as well as the eye
can judge of such equalities, with the star. If this be done
for two stars several times alternately, and a mean of the
results taken, by measuring E F, their relative brightness
wiU be obtained

:
that of Jupiter, the temporary standard of

comparison, being altogether eliminated from the result.

(784.) A moderate number of well selected stars being thus
photometrically determined by repeated and careful measure-
ments, so as to afford an ascertained and graduated scale of
brightness among the stars themselves, the intermediate steps
or grades of magnitude may be fiUed up, by inserting between
them, according to the judgment of the eye, other stars,
formmg an ascending or descendmg sequence, each member
of such a sequence being brighter than that below, and less
bright than that above it; and thus at length, a scale of nume-
rical magnitudes will become established, complete in all its
members, from Smus, the brightest of the stars, down to the
least visible magnitude.* It were much to be wished that

• For the method of combining and treating such sequences, where acct.mnkted m considerable numbers, so as to eliminate from their results the influenceof erroneous judgment, atmospheric circumstances. &c., which often give rise tocontradictory arrangement, in the order of stars differing but little in ma^nhudc^
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this branch of astronomy, which at present can hardly be said

to be advanced beyond its infancy, were perseveringly and sys-

tematically cultivated. It is by no means a subject of mere

barren curiosity, as will abundantly appear when we come to

speak of the phtenomena of variable stars; and being moreover

one in which amateurs of the science may easily chalk out for

themselves a useful and avaUable path, may naturally be ex-

pected to receive large and interesting accessions at then- hands.

(785.) If the comparison of the apparent magmtudes of the

stars with thek numbers leads to no immediately obvious con-

clusion, it is otherwise when we view them in connection with

their local distribution over the heavens. If mdeed we confine

ourselves to the thi'ce or four brightest classes, we shall find

them distributed with a considerable approach to nnpartiahty

over the sphere : a marked preference however bemg observ-

able, especiaHy in the southern hemisphere, to a zone or belt,

following the direction of a great circle passmg through s

Orionis and « Crucis. But if we take in the whole amount

visible to the naked eye, we shaU perceive ^ great increase of

number as we approach the borders of the Milky Way. And

when we come to telescopic magnitudes, we find them

crowded beyond imagination, along the extent of that circle

and of the branches which it sends off from it
;

so that m fact

its whole Hght is composed of notliing but stars of every mag-

nitude, from such as are visible to the naked eye down to the

smaUest point of light perceptible with the best telescopes.

(786.) These pheenomena agree with the supposition that

the stars of our firmament, instead of being scattered m aU

directions indifferently through space, form a stratum of which

the thickness is small, in comparison with its length and

breadth ; and in which the earth occupies a place somewhere

about the middle of its thickness, and near the point where it

subdivides into two principal lamince, mchned at a smaU angle

to each other (art. 302.). For it is certain that, to an eye so

. .en . ... .n amount ^
evor, not Jup.tcr bu the

j",;^:^,!^, „f Observations, &c.) Prof. He.s

7'-' tZSt "re a.^aSi- only observer .bo' has udopted and extended

thJ method of sequences there employed.
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situated, the apparent density of the stars, supposing them
pretty equally scattered through the space they occupy, would
be least in a direction of the visual ray (as S A), perpendi-
cular to the lamina, and greatest in that of its breadth, as
S B, S C, SD ; increasing rapidly in passing from one to the
other direction, just as we see a slight haze in the atmosphere
thickening into a decided fog bank near the horizon, by the
rapid increase of the mere length of the visual ray. Such is
the view of the construction of the starry firmament taken by
Su: William Herschel, whose powerful telescopes first efiected
a complete analysis of this wonderful zone, and demonstrated
the fact of its entirely consisting of stars. * So crowded are

they in some parts of it, that by counting the stars in a single
field of his telescope, he was led to conclude that 50000 had
passed under his review in a zone two degrees in breadth,
dm-mg a smgle hour's observation. In that part of the milky
way which IS situated in lOA 30™ E A and between the
147th and 150th degree of N P D, upwards of 5000 stars
have been reckoned to exist in a square degree. The im-
mense distances at which the remoter regions must be situated
wiU sufficiently account for the vast predominance of small
magnitudes which are observed in it.

(787.) The course of the Milky Way as traced through the
heavens by the unaided eye, neglecting occasional devfations
and following the Hue of its greatest brightness as well as its
varying breadth and intensity will permit, conforms as nearly
as the indefiniteness of its boundary wUl allow it to be fixed,
to that of a great circle inclined at an angle of about 63° to
the equinoctial, and cutting that circle in K A 6 A 47 m and

• Thomas Wright of Durham (Theory of tho Universe, London 17to^ .n
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18A 47m, so that its northern and southern poles respectively

are situated in R. A. \2h ^Im NPD 63° and R. A. OA 47m

NPD 117°. Throughout the region where It is so remark-

ably subdivided (art. 186.), this great circle holds an inter-

mediate situation between the two great streams
;

with a

nearer approximation however to the brighter and contmu-

ous stream, than to the fainter and interrupted one. If we

trace its course in order of right ascension, we find it travers-

ino- the constellation Cassiopeia, its brightest part passing

about two degrees to the north of the star 8 of that constel-

lation, i. e. in about 62° of north dechnatlon, or 28° NPD.

Passing thence between 7 and e Casslopeise it sends off a

branch" to the south-preceding side, towards a Persei, very

conspicuous as far as that star, prolonged faintly towards

a of the same constellation, and possibly traceable towards

the Hyades and Pleiades as remote outliers. The mam

stream however (which is here very faint), passes on thi-ough

Aurlo-a, over the three remarkable stars, e, K, V, of that con-

stellation preceding Capella, called the Hoedi, preceding

Capella, between the feet of Gemini and the horns of he

Bull (where it intersects the ecliptic nearly m the Solstitial

Colure) and thence over the club of Orion to the neck of Mono-

ceros, Intersecting the equinoctial In R. A. 6 A 54 m Up to

this point, from the offset In Perseus, its light is feeble and

indefinite, but thenceforward it receives a gradual accession

of brio-htness, and where it passes through the shoulder ot

Monoceros and over the head of Canis Major it presents a

broad, moderately bright, very uniform, and to the naked eye,

starless stream up to the point where it enters the prow of the

ship Argo, nearly on the southern tropic* Here it again

subdivides (about the star m Puppls), sending off a narrow and

winding branch on the preceding side as far as 7 Argus, where

it termtnates abruptly. The main stream pursues its south-

ward course to th^ 123d parallel of NPD, where it diffuses

. In reading Uns^^^^^^^^J^^J^^ZZ^
It tnay be thought n^'-' ° J? and globes. Bui in the generality of

it is n,apped down «i el-t
knowledge, this is done so very loosely

S'niret n -ans to dispense w.th a verbal descr.pt.on.
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itself broadly and again subdivides, opening out into a wide
fan-like expanse, nearly 20° in breadth formed of interlaclnc.
branches, all which terminate abruptly, in a line drawn nearlv
through \ and 7 Argus.

(788.) At this place the continuity of the Milky Way is
interrupted by a wide gap, and where it recommences on
the opposite side it is by a somewhat sunilar fan-shaped
assemblage of branches wHch converge upon the bright star
V Argils. Thence it crosses the hind feet of the Centaur
forming a curious and sharply defined semicu-cular concavity
of small radius, and enters the Cross by a very bright neck or
isthmus of not more than 3 or 4 degrees in breadth, being
the narrowest portion of the Milky Way. After this it imme-
diately expands into a broad and bright mass, enclosing the
stars « and^ Crucis, and ^ Centauri, and extending akiost
up to « of the latter constellation. In the midst of this
bright mass, surrounded by it on aU sides, and occupyhio-
about half Its breadth, occurs a singular dark pear-shaped
vacancy so conspicuous and remarkable as to attract the
notice of the most superficial gazer, and to have acquired
among the early southern navigators the uncouth but ex
pressive appellation of the coal-sack. In this vacancy wliich
IS about 80 in length, and 5° broad, only one veiy smaU star
visible to the naked eye occurs, though it is far from devoid
of telescopic stars, so that its striking blackness is simply due
to the effect of contrast with the brilliant ground with which
It IS on aU sides surrounded. This is the place of nearest
approach of the Milky Way to the South Pole. Throughout
aU this region its brightness is very striking, and when com-
pared with that of its more northern course already traced
conveys strongly the impression of greater proximity, andwould ahnost lead to a belief that our situation as spectators
IS separated on all sides by a considerable interval from thedense body of stars composing the Galaxy, which in this viewof the subject would come to be considered as a flat rin<- orsome other reentei-ing form of immense and irreguh.r breadthand thickness, within which we are excentrictlly situated
nearer to the southern than to the northern part of Us circdt
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(789.) At « Centauri, the Milky Way again subdivides*,

sending off a great branch of nearly half its breadth, but

^-hich thins off rapidly, at an angle of about 20 with

its general dhrection, towards the preceding side, to ./ and d

Lupi, beyond which it loses itself in a narrow_ and faint

streamlet. The main stream passes on increasing m breadth

to 7 Normee, where it makes an abrupt elbow and again sub-

divides into one principal and continuous stream of very

irregular breadth and brightness on the following side, and a

complicated system of interlaced streaks and masses on the

Dreceding, which covers the tail of Scoi-pio, and termmates m

a vast and faint effusion over the whole extensive region

occupied by the preceding leg of Ophiuchus, extendmg north-

wards to the parallel of 103° NPD, beyond which xt cannot

Retraced; a wide interval of 14°, free from all an—
of nebulous light, separatmg it from the gxeat ^^--^ -J

-

north side of the equinoctial of which it is usually lepie-

sented as a continuation.

(790.) Ketui-ning to the point of separation of this gieat

branch from the main stream, let us now pursue the course o

the latter. Making an abrupt bend to the following A
passes over the stars . Ar., 6 and . Scorpu, and

7

Ju^^i to

I Sagittarii, where it suddenly collects into a -al ma^

Ibout 6° in length and 4° in.breadth, so excessvvely n

stars that a very moderate calculatxon makes t^^^ujim^^^^^^^^

exceed 100,000. Northward of tlxis mass, thxs stream cxos. s

the ecliptic - longitude about 276°, and proceeding along the

"ol' P^:ri. the souttou portion of the Mi% .V

'tan Cr-Ct" equinoctial at tl.e 19th ho>. of right

(791.) Orossm. 1
.^^

rr«M:ll. Sa^ittaana Vulpec.ia up to Cygnus,

neously.
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at E of wliich constellation its continuity is interrupted, and a
very confused and irregular region commences, marked by a
broad dark vacuity, not unlike the southern " coal-sack," occu-
pying the space between s, a, and 7 Cygni, which serves as a
kind of center for the divergence of thi'ee great streams

; one,
which we have ahready traced ; a second, the continuation of
the fii'st (across the interval) from a northward, between La-
certa and the head of Cepheus to the point in Cassiopeia whence
we set out, and a third branching off from 7 Cygni, very vivid
and conspicuous, running off in a southern dii-ection through
/3 Cygni, and s Aquilas ahnost to the equinoctial, where it
loses itself in a region tHnly sprinkled with stars, where in
some maps the modern consteUation Taurus Poniatovii is
placed. This is the branch which, if continued across the
equmoctial, might be supposed to unite with the great south-
ern effusion in Ophiuchus already noticed (art. 789.). A
considerable offset, or protuberant appendage, is also thrown
off by the northern stream from the head of Cepheus directly
towards the pole, occupying the greater part of the quartile
formed by «, ^, i, and S of that constellation.

(792.) We have been somewhat circumstantial in de-
scribmg the course and principal features of the Via Lactea
not only because there does not occur any where (so far as
we know) any correct account of it, but chiefly by reason of
Its high mterest in sidereal astronomy, and that the reader
may perceive how very difficult it must necessarily be to form
any just conception of the real, sohd form, as it exists in
space, of an object so complicated, and which we see from a
point of view so unfavourable. The difficulty is of the same
kmd which Ave experience when we set ourselves to conceive
the real shape of an auroral arch or of the clouds, but far
greater in degree, because we know the laws which regulate
the formation of the latter, and limit them to certain con-
ditions of altitude— because their motion presents them to usm various aspects, but chiefly because we contemplate them
from a station considerably below their general plane, so as to
allow of our mapping out some kind of ground-plan of their
shape. AU these aids are wanting when we attempt to map
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and model out the Galaxy, and beyond the obvious conclusion

that its form must be, generally speaking,/af, and of a thick-

ness small in comparison with its area in length and breadth,

the laws of perspective afford us little further assistancem the

inquiry. Probability may, it is true, here and there en-

liohten us as to certain features. Thus when we see, as m

the coal-sack, a sharply defined oval space free from stars,

insulated in the midst of a uniform band of not much more

than twice its breadth, it would seem much less probable that

a conical or tubular hollow traverses the whole of a starry

stratum, continuously extended from the eye outwaixls, than

that a distant mass of comparatively moderate thickness

should be simply perforated from side to side, or that an oval

vacuity should be seen foreshortened in a foreshortened

area, not really exceeding two or three times its own breadth.

Neither can we without obvious hnprobabihty refuse to

admit that the long lateral off-sets which at so many places

quit the main stream and run out to great distances, are

either planes seen edgeways, or the convexities of curved

surfaces viewed tangentially, rather than cylindrical or co-

lumnar excrescences bristling up obliquely from the general

level And in the same spirit of probable surmise we may

account for the intricate reticulations above described as

existing in the region of Scorpio, rather by the accidental

crossing of streaks thus originating, at very diff-erent distances,

or by a cellular structure of the mass, than by real mter-

sections. Those cirrous clouds wliich are often seen m wmdy

weather, convey no unapt impression either^ of the kind of

appearance in question, or of the structure it suggests. It

is to other indications however, and cHefly to the telescopic

examination of its intimate constitution and to the law of

the distribution of stars, not only withm its bosom, but

generally over the heavens, that we must look for more

definite knowledge respecting its true form and extent.

(-793 ^ It is on observations of this latter class, and not on

Hierely speculative or conjectural views, that the ^-^^^^^^^

in Art. 786., which refers the ph^enomena of the stauy fii-

mament to the system of the Galaxy as their embodying fact.
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is brought to depend. The process of "gauging » the heavens
was devised by Sir W. Herschel for this purpose. It con-
sisted in simp y counting the stars of all magnitudes which
occur in smgle fields of view, of 15' in dimeter, visiblethrough a reflecting telescope of 18 inches aperture, and 20
leet focal length, with a magnifying power of 180°: thepomts of observation being very numerous and taken in-
discnmuiately in every part of the surface of the sphere
visible in our latitudes. On a comparison of many hundred
such "gajiges" or local enumerations it appears that the
density of star-hght (or the number of stars existing on anaverage of several such enumerations in any one in^nediate
neighbourhood) is least in the pole of the Galactic circle^aad mcreases on all sides, with the Galactic polar distance
(and that nearly equally in aH directions) down to the MilkyWay itself, where it attains its maximum. The progressive
rate of increase in proceeding from the pole is at first slowbut becomes more and more rapid as we approach the planeof that circle according to a law of which the following
numbers, deduced by M. Struve from a careful analysHf
all the gauges m question, wUl afford a correct idea.

Galactic f North Polar Distance. Average Number of Stars in a
Field 15' in Diameter.

^: 4-15

4-68

6-52

10-36

17-68

30-30

122-00

From which it appears that the mean density of the stars in thegalactic circle exceeds in a ratio of very nearly 30 to 1 that

An. tr'eoS 'orrv t ^^^^'^ ^p--^- °^ -
Tl.iscircle istosidereaIwhatthtinvJ M^'V^"''."''

""^'''y eonfonns.
a plane of ultimate reference '";^'"','^'<: '^chpt.c is to planetary astrono,ny_:

.
t, Etudes d^^stronomie Stif ; V"" ^P^^'^'

c.rcle to be a small, not a grca Xcle of th . ! (
tl'e Galactic

•'-Kl.t. I retain my own convictb„ ^ "''P*-'"^ t'"^
^i''^'
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ill its pole, and in a proportion of more than 4 to 1 that in a

direction 15° inclined to its plane.

(794.) These numbers fully boar out the statement in

Art. 786. and even draw closer the resemblance by which

that statement is there illustrated. For the rapidly in-

creasing density of a fog-bank as the visual ray is depressed

towards the plane of the horizon is a consequence not only of

the mere increase in length of the foggy space traversed, but

also of an actual increase of density in the fog itself in its

lower strata. Now this very conclusion follows from a com-

parison inter se of the numbers above set down, as M. Struve

has clearly shown from a mathematical analysis ofthe empirical

formula, which faithfully represents their law of progression,

and of which he states the result in the following table, ex-

pressing the densities of the stars at the respective distances,

1, 2, 3, &c., from the galactic plane, taking the mean density

of the stars in that plane itself for unity.

Distances from the
Galactic Plane.

Density of
Stars.

Distances from the
Galactic Plane.

Density of
Stars.

0-00 1 -00000 0-50 0-08646

0-05 0-48568 0-60 0 05510

0-10 0-33288 0-70 0-03079

0-20 0-23895 0-80 001414

0-30 0-17980 0-866 0-00532

0-40 0-13021

The unit of distance, of which the first column of this table

expresses fractional parts, is the distance at which such a

telescope is capable of rendering just visible a star of average

magnitude, or, as it is termed, its space-penetrating^ power.

As we ascend therefore from the galactic- plane into this

kind of stellar atmosphere, we perceive that the density of

its parallel strata decreases with great rapidity. At an

altitude above that plane equal to only one-twentieth of the

telescopic limit, it has already diminished to one-half, and at an

altitude of 0-866, to hardly more than one-two-hundredth of

its amount in that plane. So far as we can perceive there is

no flaw in this reasoning, if only it be granted, 1st, that the level

planes are continuous, and of equal density throughout; and,

2dly, that ar. absolute and definite limit is set to telescopic vision.



LAW OF DISTKIBUTIOiS- OF THE STARS. 577

hcyond which, if stars exist, they elude our sight, and are to us
as ifthey existed not : a postulate whose prolaability the reader
will be in a better condition to estimate, when in possession
of some other particulars respecting the constitution of the
Galaxy to be described presently.

(795.) A similar course of observation followed out in the
southern hemisphere, leads independently to the same con-
clusion as to the law of the visible distribution of stars over
tbe southern galactic hemisphere, or that half of the celestial

surface which has the south galactic pole for its center. A
system of gauges, extendhig over the whole surface of that
hemisphere taken with the same telescope, field of view and
magnifying power employed in Su" William Herschel's
gauges, has afforded the average numbers of stars per field

of 15' m diameter, within the areas of zones encu-cling that
pole at intervals of 15°, set down in the following table.

Zones of Galactic South Average Number of Stars
Polar Distance. per Field of 15'.

0° to 15° 6-05

15 to 30 6-62

30 to 45 9-08

45 to 60 13 '49

60 to 75 26-29

75 to 90 59-06

(796.) These numbersare not directlycomparable with those
ofM. Struve, given in Art. 793. because the latter corresponds
to the limiting polar distances, while these are the averao-efi

for the included zones. That eminent astronomer, however,
has given a table of the average gauges appropriate to each
degree of north galactic polar distance*, from which it is easy
to calculate averages for the whole extent of each zone.
How near a parallel the results of this calculation for the
northern hemisphere exhibit with those above stated for
the southern, will be seen by the following table.

• Etudes d'Astronomie Stellaire, p. 34.

P P
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Average Number of Stars
Zones of Galactic North pjgij 15/ ft^n,

Polar Distance. struve's Table.

0°tol5° 4-32

15 to 30 5-42

30 to 45 8-21

45 to 60 13-61

60 to 75 24-09

75 to 90 53-43

It would appear from this that, with an almost exactly

similar law of apparent density in the two hemispheres, the

southern were somewhat richer in stars than the northern,

which may, and not improbably does arise, from our situa-

tion not being precisely in the middle of its thickness, but

somewhat nearer to its northern surface.

(797.) When examined with powerful telescopes, the con-

stitution of this wonderful zone is found to be no less various

than its aspect to the naked eye is irregular. In some regions

the stars of which it is wholly composed are scattered with

remarkable uniformity over immense tracts, while in others

the irregularity of their distribution is quite as striking, ex-

hibiting a rapid succession of closely clustering rich patches

separated by comparatively poor intervals, and indeed in some

instances by spaces absolutely dark and completely void of any

star, even of the smallest telescopic magnitude. In some

places not more than 40 or 50 stars on an average occur in a

« gauge" field of 15', while in others a similar average gives a

result°of 400 or 500. Nor is less variety observable in the

character of its different regions in respect of the magnitudes

of the stars they exhibit, and the proportional numbers of

the larger and smaller magnitudes associated together, than

in respect of their aggregate numbers. In some, for instance,

extremely minute stars, though never altogether wanting,

occur in numbers so moderate as to lead us irresistibly to the

conclusion that in these regions we see fairly through the

starry stratum, since it is impossible otherwise (supposmg

their light not intercepted) that the numbers of the smaller
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magnitudes Should not go on continually increasing admbnitum. In such cases moreover the ground of the heavens
as seen between the stars, is for the most part perfectly dark'wbcH agam would not be the case, if innumerable multitudes
ot stars, too mmute to be individually discernible, existed beyond. In other regions we are presented with the phfeno-menon of an almost uniform degree of brightness of theinch^adual stars, accompanied with a very even distribution
of them over the ground of the heavens, both the larger and
smaller magmtudes being strikingly deficient. In such cases
t IS equally zmpossible not to perceive that we are lookingthrough a sheet of stars nearly of a size, and of no ^reat thick

dis ant stars umformly the larger, so as to compensate bytheir greater intrinsic brightness for their greater distance a

ZCrr'^V" ^''^^^^^^-^^'J- In others aglrithat not unfi-equently, we are presented with a double ph^-nomenon of the same kind, viz. a tissue as it were oflart
spread over another of veiy small ones, the intermediare ma

"
Bitudes being wanting. The conclusion here seems enXevident that m such cases we look through two sider a siSseparated by a starless interval.

-^^^iieet.

M^^ln^'^^^^''''^
larger portion of the extent

0 he Millcy Way in both hemispheres,L general blacknesof he ground of the heavens on which its stL are pilctedand the absence of that innumerable multitude and exfe s^ecrowding of the smallest visible magnitudes, and of gl"pr uced by the aggregate light of multitudes too smaU oaffect the eye smgly, which the contrary supposition wouldappear to necessitate, must, we think, be considered unequ^vocal mdications that its dimensions in directions .here7f^lcond . oUain, are not only not infinite, but that the s^acpenetratmg power of our telescopes suffices fairly to pi rce
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„ai-ency la the celestial spaee., in virtue of which the light of

the more distant stars is enfeebled more than m proporUon

o thl distance. The extinction of ^^^^^^^^^^
proceeding in geometrical P-ff-^^^t^^ tp"
increases in arithmefcal, a

''^^^I'l, Jun that

:^esrrf"^'^^zt^t.
:xi^^lr^o^ref;;r\:;t:rnofthe
Irounds partly metaphysical) on .hieh these vrews rely.

! mnS sice'here to observe that the objection aHudedt^

if applicable to any, is equally so to every part of the gatay

We^e not at libertyto ayue ^^ ^^IrveSXh

Srui^sllir mai:!;::: cuts off thenebulo„s

fght of distant masses, and closes our ™w m rmp -mahk

darkness while at another we are compelled by the clearest

aaikness, wmm
l,„lieve that star-strown

e>ddence telescopes can afford to believe t

Wayl that—| -^^^.^^^^^
cation in Scorpio (arts 789 '^^O ^^'^

iSh—etp;^^^^^^^^^^^^

^-zr:^ .ngth .fuses t

1 . * Whatever other conclusions we may draw, tlus

"tt'tnUrrregarded as the direction of the greates

Wr—n of 4e ground-plan of the galaxy. And .

. It would bedoin. ^^-^tz:^:^:^'^^^^^
(whose opinion, if we bere ^ntro

^
^, ^^^^

^.^ ^^^ ^
deference and respect) ;°,2%nce cited, in which A<=;^«-^:"

l^^/f
n,arkable essay a ready

^^^^ of the Important facts alluded to tn the

delivered he could n^^^^^^^^^^^^ „„pubhshed.
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would appear to follow, also, as a not less obvious consequeuce,
that m those regions where that zone is clearly resolved into
stars well separated and seen projected on a black ground
and where hj consequence it is certain if the foregoino- views
be correct that we look out beyond them into space, the smallest
visible stars appear as such, not by reason of excessive distance,
but of a real mfenority of size or brightness.*

(799.) When we speak of the comparative remoteness of
certain regions of the starry heavens beyond others, and of
our own situation in them, the question immediately arises,
what IS the distance of the nearest fixed star? What is
the scale on which our visible firmament is constructed?And what proportion do its dimensions bear to those of ourown nnmediate system ? To these questions astronomy has
at length been enabled to afford an answer

(800.) The diameter of the earth has served us for the baseof a nangle m the trigonometrical sur.ey of our system (art.
274.), by which to calculate the distance of the sun : but the
extreme minuteness of the sun's parallax (art. 357.) renders theca culation from this " ill-conditioned" triangle (art. 2 5 ) odehcate, that nothing but the fortunate combination of favour!
able cn-cumstances,afrordedbythe transits ofVenus(art 479 )could rentier its results even tolerably worthy of reliance.
he earth s diameter ,s too small a base for direct triangulation

to the verge even of our own system (art. 526.), and we are
therefore, obliged to substitute the annual pLlla. for Zdiurnal or, which comes to the same thing to ground o rcalculation on the relative velocities of the Tarth fnZlanem their orbits (art. 486.), when we would push our tingu

haTbM 'T''
naturally enough exnect'ed,

tL eJt
'"^^ vast dian^ter ofhe earths orbit, the next step in. our survey (art. 275.)^^ouId be made at a great advantage that oL change of

* Professor I.ootnis fProorpcc «f a.i
facts adduced before hin, arYes /a CO

\^'°' .'^^'^ "'^'^

judge of the validitv of h s o! iection Prnf
^•onc us.on Astronomers will

has cited me in support of Ol krs'
V'^''Selandcr (Astron. Nachr. 99G.)

here, (as I sl.ould have tl.u l,t diSn l' '"t
"W"^"'""/" ""^ °P'°i°n'uii^ut ujitiiictlj' enough,) recorded.
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Station, from side to side of it, would produce a considerable

and easily measurable amount of annual parallax in the stars,

and that by its means we should come to a knowledge of

their distance. But, after exhausting every refinement of

observation, astronomers were, up to a very late period,

imable to come to any positive and coincident conclusion

upon this head; and the amount of such parallax, even for

the nearest fixed star examined with the requisite attention,

remained mixed up with, and concealed among, the erroi-s

incidental to all astronomical determinations. The nature ot

these errors has been explained in the earlier part of this

work, and we need not remind the reader of the difficulties

which must necessarily attend the attempt to disentangle an

element not exceeding a few tenths of a second or at most a

whole second from the host of uncertainties entailed on the

results of observations by them: none of them individually

perhaps of greater magnitude, but embarrassmg by their

number and fluctuating amount. Nevertheless, by successive

refinements in instrument making, and by constantly pro-

gressive approximation to the exact knowledge of the Urano-

o-raphical corrections, that assurance had been obtained, even

fn the earHer years of the present centmy, viz. that no star

visible in northern latitudes, to which attention had been

directed, manifested an amount of parallax exceedmg a single

second of arc. It is worth while to pause for a moment to

consider what conclusions would follow from the admission of

a parallax to this amount.
-r n •

(801.) Kadius is to the sine of 1" as 206265 to 1. In this

proportion then at least must the distance of the fixed stars

from the sun exceed that of the sun from the earth Agam,

the latter distance, as we have already seen (art. 35 / .),
exceeds

!he earth's radius in the proportion of 23984 to Taking

therefore the earth's radius for unity, a parallax of 1 suppose,

a distance of 4947059760 or nearly five thousand millions ot

such units : and lastly, to descend to ordinary standards,

sntethe earth's radius maybe taken at 4000 of our miles,

we find 19788239040000 or about twenty bilhons of mile,

for our resulting distance. .... Tho onlv

(802.) In such nmnbera the miagmation is lost. The only
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mode we have of conceiving such intervals at all is by the

time which it would require for light to traverse them.
(See Note § at the end of this chapter for a more familiar

illustration.) Light, as we know (art. 545,), travels at the
rate of a semidiameter of the earth's orbit in 8"" IS^-S. It

would, therefore, occupy 206205 times this interval or 3

years and 83 days to traverse the distance in question.

Now as this is an inferior limit which it is already ascer-
tained that even the brightest and therefore probably the
nearest stars exceed, what are we to allow for the distance
of those innumerable stars of the smaller magnitudes which
the telescope discloses to us ! What for the dimensions of
the galaxy in whose remoter regions, as we have seen, the
united lustre of myriads of stars is perceptible only in
powerful telescopes as a feeble nebulous gleam !

(803.) The space-penetrating power of a telescope or the
comparative distance to which a given star would require to be
removed in order that it may appear of the same brightness in

the telescope as before to the naked eye, maybe calculated from
the aperture of the telescope compared with that of the pupil
of the eye, and from its reflecting or transmitting power, i. e.

the proportion of the incident light it conveys to the observer's
eye. Thus it has been computed that the space-penetrating
power of such a reflector as that used in the star-gauges above
referred to is expressed by the number 75. A star then of the
sLxth magnitude removed to 75 times its distance would still

be perceptible as a star with that instrument, and admittin"-
such a star to have 100th part of the light of a standard star
of the first magnitude, it will follow that such a standard
star, if removed to 750 times its distance, would excite in the
eye, when viewed through the gauging telescope, the same
impression as a star of the sixth magnitude does to the naked
eye. Among the infinite multitude of such stars in the
remoter regions of the galaxy, it is but fair to conclude that
mnumerable individuals equal in intrinsic brightness to those
which immediately surround us must exist. The light of
such stars then must have occupied upwards of 2000 years
in travelling over the distance which separates them from
our own system. It follows then that when we observe the
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plnces and note the appearances of such stars, we are only

readinp; their history of two thousand years' anterior date

thus wonderfully recorded. We cannot escape this conclusion

but by adopting as an alternative an intrinsic inferiority of

light in all the smaller stars of the galaxy. We shall be

better able to estimate the probability of this alternative

when we shall have made acquaintance with other sidereal

systems whose existence the telescope discloses to us, and

whose analogy will satisfy us that the view of the subject

here taken is in perfect harmony with the general tenor of

astronomical facts.

(804.) Hitherto we have spoken of a parallax of 1" as a

mere limit below which that of any star yet examined as-

suredly, or at least very probably falls, and it is not without

a certain convenience to regard this amount of parallax as a

sort of unit of reference, which, connected in the reader's

recollection with a parallactic unit of distance from our system

of 20 billions of miles, and with a 3^ year's journey of light,

may save him the trouble of such calculations, and ourselves

the necessity of covering our pages with such enormous

numbers, when speaking of stars whose parallax has actually

been ascertained with some approach to certainty, either by

direct meridian observation or by more refined and dehcate

methods. These we shall proceed to explain, after first

pointing out the theoretical peculiarities which enable us to

separate and disentangle its effects from those of the Urano-

graphical corrections, and from other causes of error which

being periodical in their nature add greatly to the difficulty

of the subject. The effects of precession and proper motion

(see art. 852.) which are uniformly progressive from year to

year, and that of nutation which runs through its period in

nineteen years, it is obvious enough, separate themselves^ at

once by these characters from that of parallax; and, being

knoAvn with very great precision, and being certainly in-

dependent, as regards their causes, of any individual pecu-

liarity in the stars affected by them, whatever small uncer-

tainty may remain respecting the numerical elements which

enter into their computation (or in mathematical

their co-efficients), can give rise to no emban-assment. With
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regard to aberration the case is materially difFerent. This
correction aiFects the place of a star by a fluctuation annual
in its period, and therefore, so far, agreeing with parallax.
It is also very similar in the law of its variation at different
seasons of the year, parallax having for its apex (see art.

343, 344.) the apparent place of the sun in the ecliptic, and
aberration a point in the same great circle 90° behind that
place, so that in fact the formula of calculation' (the co-
efficients excepted) are the same for both, substituting only
for the sun's longitude in the expression for the one, that
longitude diminished by 90° for the other. Moreover, in the
absence of absolute certainty respecting the nature of the
propagation of light, astronomers have hitherto considered it

necessary to assume at least as a possibility that the velocity
of light may be to some slight amount dependent on in-
dividual peculiarities in the body emitting it.

*

(805.) If we suppose a Ene drawn from the star to the
earth at all seasons of the year, it is evident that this line
wiU sweep over the surface of an exceedingly acute, oblique
cone, having for its axis the line joining the sun and star, and
for Its base the earth's annual orbit, which, for the present
purpose, we may suppose circular. The star will therefore
appear to describe each year about its mean place regarded
as fixed, and in virtue of parallax alone, a minute ellipse,
the section of this cone by the surface of the celestial sphere,
pei-pendicular to the visual ray. But there is also another
way m which the same fact may be represented. The ap-
parent orbit of the star about its mean place as a center, will
be precisely that which it would appear to describe, if seen from
the sun, supposing it really revolved about that place in a
circle exactly equal to the earth's annual orbit, in a plane
parallel to the ecliptic. This is evident from the equality
and parallelism of the lines and directions concerned. Now
the effect of aberration (disregarding the slight variation of

• In the actual state of astronomy and photology this necessity can hardlvbe considered as still existing, and it is desirable, therefore, that the pmc ice ofas ronomers of introducing an unknown correction for the constant of abeSo.into their "equations ofcondition" for the determination of parallax houTd h«disused, since it actually tends to introduce error into the finil fe u t

'
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the earth's velocity in different parts of its orbit) is precisely

similar in law, and differs only in amount, and in its bearing

reference to a direction 90° different in longitude. Suppose,

in order to fix our ideas, the maximum of parallax to be 1"

and that of aberration 20- 5", and let AB, ab, be two circles

imao-ined to be described separately, as above, by the star

aboSt its mean place S, in virtue of these two causes respec-

tively, S T being a line parallel to that of the line of equi-

noxes' Then if In vii'tue of parallax alone, the star would

be found at a in the smaller orbit, it would in virtue of

aberration alone be found at A, in the larger, the angle aSA

beino- a right angle. Drawing then A C equal and paraUel

to ia, and joining S C, it will in virtue of both simulta-

neously be found in C, i. e. in the circumference of a circle

whose radius is S C, and at a point in that circle, m advance

of A, the aberrational place, by the angle A S C. Now smce

S A : AC :: 20-5 : 1, we find for the angle ASC 2" 47' 3o'

,

c

and for the length of the radius SC of the c^cle -presenting

the compound motion 20"-o24. The difference (0 024)

between this and SC, the radius of the aberration circle, is

quite imperceptible, and even supposing a quantity so minute

to be capable of detection by a prolonged series of observa-

tions, it would remain a question whether it were produced

by parallax or by a specific difference o aberration from the

general average 20".o in the star itself. It is thei-ef e o

the difference of 2° 48' between the angular situation of the

displaced star in this hypothetical orbit, /. in the ar,u.rcnts
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(as they are called) of the joint correction (TSC) and that
of aberration alone (T SA), that we have to look for the re-
solution of the problem of parallax. The reader may easily
figure to himself the delicacy of an inquiry wliich turns
wholly (even when stripped of all its other difficulties) on
the jjrecise determination of a quantity of this nature, and
of such very moderate magnitude.

(806.) But these other difficulties themselves are ofno triflincf

order. All astronomical instruments are affected by differences
of temperatiu-e. Not only do the materials of which they are
composed expand and contract, but the masonry and solid piers
on which they are erected, nay even the very soil on which
tliese are founded, participate in the general change from sum-
mer warmth to winter cold. Hence arise slow oscillatory
movements of exceedingly minute amount, which levels and
plumblines afford but very inadequate means of detecting,
and which being also annual in their period (after rejecting
whatever is merely casual and momentary) mix themselves
intimately with the matter of our inquiry. Refraction too,
besides its casual variations from night to night, which a long
series of observations would ehminate, depends for its theo-
retical expression on the constitution of the strata of our
atmosphere, and the law of the distribution of heat and
moisture at difl?erent elevations, which cannot be unaflfected
by rhfference of season. No wonder then that mere meri-
dional observations should, almost up to the present time, have
proved insufficient, except in one very remarkable instance,
to afford unquestionable evidence, and' satisfactory quantita-
tive measurement of the parallax of any fixed star.

(807.) The instance referred to is that of a Centauri, one
of the brightest and for many other reasons, one of the most
remarkable of the southern stars. From a series of observa-
tions of this star, made at the Royal Observatory of the Cape
of Good Hope in the years 1832 and 1833, by Professor
Henderson, with the mural circle of that establishment, a
parallax to the amount of an entire second was concluded on
his reduction of the observations in question after his return
to England, Subsequent observations by Mr. Maclear,
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partly with the same, and partly with a new and far more

efficiently constructed instrument of the same description

made in the years 1839 and 1840, have fully confirmed the

reality of the parallax indicated by Professor Henderson's ob

servations, though with a slight diminution in its concluded

amount, which comes out equal to 0"-9128 or about jftlis of

a second
;
bright stars in its immediate neighbourhood being

unaffected by a similar periodical displacement, and thus

affording satisfactory) proof that the displacement indicated in

the case of the star in question is not merely a result (f annual

variations of temperature. As it is impossible at present to

answer for so minute a quantity as that by which this result

differs from an exact second, we may consider the distance of

this star as approximately expressed by the parallactic unit

of distance referred to in art. 804.

(808.) A short time previous to the publication * of this

important result, the detection of a sensible and measurable

amount of parallax in the star N° 61 Cygni of Flamsteed's

catalogue of stars was announced by the celebrated astro-

nomer of Konigsberg, the late M. Bessel.f This is a

small and inconspicuous star, hardly exceeding the sixth

magnitude, but which had been pointed out for especial ob-

servation by the remarkable circumstance of its being aflfected

by a proper motion (see art. 852.), i. e. a regular and continu-

ally progressive annual displacement among the sm-roundmg

stars to the extent of more than 5" per annum, a quantity so

very much exceeding the average of similar' minute annual

displacements wliich many other stars exhibit, as to lead to a

suspicion of its being actually nearer to our system. It is

not a little remarkable that a similar presumption of proxi-

mity exists also in the case of a Centauri, whose unusually

large proper motion of nearly 4" per annum is stated by

Professor Plenderson to have been the.motive which induced

him to subject his observations of that star to that severe dis-

cussion which led to the detection of its parallax. ISI.

. Prof Henderson's paper was read before the Astronomieal Society of

I^nHon Tan 3 1839. It bears date Dec. 24. 1838.

t AsimLhe Nacbrichten. Nos. 365, 366. Dec. 13. 1838.
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Bessel's observations of 61 Cygni were commenced in August
1837, innnediately on the establishment at the Konigsberg
observatory of a magnificent heliometer, the workmanship
of the celebrated optician Fraunhofer, of Munich, an instru-

ment especially fitted for the system of observation adopted
;

which being totally difierent from that of direct meridional

observation, more refined in its conception, and susceptible of
far greater accuracy in its practical application, we must now
explain.

(809.) Parallax, proper motion, and specific aberration
(denoting by the latter phrase that part of the aberration of
a star's light which may be supposed to axise from its indi-

vidual peculiarities, and which we have every reason to believe

at all events an exceedingly minute fraction of the whole,)
are the only uranographical corrections which do not neces-
sarily affect alike the apparent places of two stars situated in,

or verT/ nearly in, the same visual line. Supposing then two
stars at an immense distance, the one behind the other, but
otherwise so situated as to appear very nearly along the same
visual line, they will constitute what is called a star optically

double, to distinguish it from a star physically double, of which
more hereafter. Aberration (that which is common to all

stars), precession, nutation, nay, even refraction, and instru-

mental causes of apparent displacement, will affect them alike,

or so very nearly alike (if the minute difference of their
apparent places be taken into account) as to admit of the
difference being neglected, or very accurately allowed for
by an easy calculation. If then, instead of attempting to
determine by observation the place of the nearer of two very
imequal stars (which will probably be the larger) by direct
observation of its right ascension and polar distance, we
content ourselves with referring its place to that of its remoter
and smaller companion by differential observation, i. e. by
measuring only its difference of situation from the latter, we
are at once relieved of the necessity of making these cor-
rections, and from all uncertainty as to their influence on the
result. And for the very same reason, errors of adjustment
(art. 136.), of graduation, and a host of instrumental errors.



590 OUTLINES OF ASTRONOMY.

whiclx would for this delicate purpose fatally affect the

absolute determination of either star's place, are harmless

when only the difference of their places, each equally affected

by such causes, is required to be known.

(810.) Throwing aside therefore the consideration of all

tliese errors and corrections, and disregarding for the present

the minute effect of specific aberration and the uniformly pro-

gressive effect of proper motion, let us trace the effect ot the

differences of the parallaxes of two stars thus juxtaposed, or

their apparent relative distance and position at various seasons

of the year. Now the parallax being inversely as the distance,

the dimensions of the smaU elhpses apparently described

(art. 805.) by each star on the concave surface of the heavens

by parallactic displacement wiU differ, -the nearer star

describing the larger ellipse. But both stars lying very

nearly in the same direction from the sun, these ellipses will

be similar and similarly situated. Suppose S and s to be the

positions of the two stars as seen from the sun, and^ let

ABCD, ahcd, be their parallactic ellipses; then, since

thev will be at all times similarly situated in these ellipses,

when the one star is seen at A, the other will be seen at «.

When the earth has made a quarter of a revolution m its

orbit, their apparent places will be Bi; when another

quarter, C c ; and when another, D d. If, then, we measure

carefuUy, with micrometers adapted for the pui'pose their

apparent situation with respect to each other at different

times of the year, we should perceive a periodical change,
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both in the direction of the line joining them, and in the
distance between their centers. For the Hnes A a and C c

cannot be parallel, nor the lines B b and D d eqnal, unless
the ellipses be of equal dimensions, i. e. unless the two
stars have the same parallax, or are equidistant from the
earth.

(811.) Now, micrometers, properly mounted, enable us
to measure very exactly both the distance between two
objects which can be seen together in the same jSeld of a
telescope, and the position of the line joining them with
respect to the horizon, or the meridian, or any other deter-
minate direction in the heavens. The double image micro-
meter, and especially the heliometer (art. 200, 201.) is

pecuUarly adapted for this purpose. The images of the two
stars formed side by side, or in the same line prolonged,
however momentarily displaced by temporary refraction or
instrumental tremor, move together, preserving their relative
situation, the judgment of which is no way disturbed by such
irregular movements. The heliometer also, taking in a
greater range than ordinary micrometers, enables us to com-
pare one large star with more than one adjacent small one,
and to select such of the latter among many near it, as shall
be most favourably situated for the detection of any motion
in the large one, not participated in by its neighbours.

(812.) The star examined by Bessel has two such neigh-
bours, both very minute, and therefore probably very distant,
most favourably situated, the one (s) at a distance of 1' 42"'

the other (s') at 11' 46" from the large star, and so situated'
that their directions from that star make nearly a right angle
with each other. The effect of parallax therefore would
necessarily cause the two distances S s and S s' to vary so
as to attain their maxunum and minimum values alternately
at three-monthly intervals, and this is what was actually
observed to take place, the one distance being always most
rapidly on the increase or decrease when the other was
stationary (the uniform effect of proper motion being under-
stood of course to be always duly accounted for). This
alternation, though so small in amount as to indicate, as a final
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result, a parallax, or rather a diflFerence of parallaxes between

the large and small stars of hardly more than one third of a

second, was maintained with such regularity as to leave no

room for reasonable doubt as to its cause, and having been

confirmed by the further continuance of these observations,

and quite recently by the exact coincidence between the result

thus obtained, and that deduced by M. Peters from obser-

vations of the same star at the observatory of Pulkova*, is

considered on all hands as fully established. The parallax

of this star finally resulting from Bessel's observation is 0"'348

so that its distance from our system is very nearly three

parallactic units. (Art. 804.)

(813.) The bright star « Lyree has also near it, at only

43" distance (and therefore witMn the reach of the parallel

wire or ordinary double image micrometer) a very minute

star, which has been subjected since 1835 to a severe and

assiduous scrutiny by M. Struve, on the same principle of

differential observation. He has thus established the exis-

tence of a measurable amount of parallax in the large star,

less indeed than that of 61 Cygni (being only about i of

a second), but yet sufficient (such was the dehcacy of Ws

measurements) to justify this excellent observer in announcing

the result as at least highly probable, on the strength of only

five nights' observation, in 1835 and 1836. This probabiHty,

the continuation of the measures to the end of 1838 and the

corroborative, though not in this case precisely coincident,

result of Mr. Peters's investigations have converted into a

certainty. M. Struve has the merit of being the first to brmg

into practical application this method of observation, which,

though proposed for the purpose, and its great advantages

pointed out by Sir William Herschel so eai-ly as 1781 f,

remained long unproductive of any result, owing pai-tly to

the imperfection of micrometers for the measurement of

• With the trrcat vertical circle by Ertel.
, , . r

t It has been referred even to Galileo. But the general cxp anat.on of

Parallax in the Systema Cosmicum, Dial. in. p. 271 (Le>'i^en edit. 1699) to

which the referencJapplies, does not touch any of the, peculiar features of the

case, or meet any of its difficulties.



PARALLAX OP THE FIXED STARS. 593

distance, and partly to a reason which we shall presently
have occasion to refer to.

(814.) If the component individuals S, 5 (Jig. art. 810.)
be (as is often the case) very close to each other, the pa-
rallactic variation of their angle of position, or the extreme
angle included between the lines Ag, C c, may be very con-
siderable, even for a small amount of difference of paral-
laxes between the large and smaU stars. For instance in
the case of two adjacent stars 15" asunder, and otherwise
favourably situated for observation, an annual fluctuation to
and fro m the apparent dii-ection of their line of junction to
the extent of half a degree (a quantity which could not
escape notice in the mean's of numerous and careful measure-
ments) would correspond to a difference of parallax of only
i of a second. A difference of \" between two stars appa-
rently situated at 5- distance might cause an oscillation in
that Hne to the extent of no less than 11°, and if nearer one
proportionally still greater. This mode of observation has
been apphed to a considerable number of stars by Lord
Wrottesley, and with such an amount of success, as to make
Its farther apphcation desirable. (Phil. Trans. 1851.*;

(81^) The following are some of the principal fixed stars
to which parallax has been up to the present time more or
less probably assigned :

a Centauri - . 0-976 (Henderson, corrected by Peters ^61 Cygni - - . 0-.S48 (Bessel.) ^ -reters.;

Lalande 21258 - 0 260 (Kriiger.)
Oeltzen- 17415-6 0-247 (Kriiger.)

a Lyr^
- . . 0-155 (W. Struve, corrected by O. Struve )

-n nT J- - 50 (Henderson, corrected by PetersT'O/'Ophiuchi - . 0-16 (KrUger.)
"y -reters.

)

Urs2B Majoris - 0-133 (Peters.)
Arcturus - - 0-127 ditto
Polaris- . . 0-067 ditto
Capella - . 0-046 ditto

Although the extreme minutenesss of the last four of these
results deprives them of much numerical reliance, it is at
least certain that the parallaxes by no means follow the order
of magnitudes, and this is farther shown by the fact that «
Cygni, one of M. Peters's stars, shows absolutely no indica-
tions of any measurable parallax whatever.

J. f^f/'''"' T'^r- ^«-?'P-266, ct seq. and 1827, for a list of stars welladapted for such observation, with the times of the year most favourable -Thelist m Phi
.
Irans. 1826, is incorrect

'

' QQ



594 OUTLINES OW ASTRONOMY.

(816.) From the distance of the stars we are naturally led

to the consideration of their real magnitudes. But here a

difficulty arises, which, so far as we can judge of what optical

instruments are capable of effecting, must always remam

insuperable. Telescopes afford us only negative mformation

as to the apparent angular diameter of any star. The round,

well-defined, planetary discs whicb good telescopes show

Avhen turned upon any of the brighter stars are phaenomena

of diffraction, dependent, though at present somewhat emg-

matically, on the mutual interference of the rays of light.

They are consequently, so far as this inquiry is concerned,

mere optical illusions, and have therefore been termed spurious

discs. The proof of tliis is that telescopes of different aper-

tures and magnifying powers, when applied for tbe purpose

of measuring their angular diameters, give different results, the

greater apertm-e (even with the same magnifymg power)

aivino- the smaller disc. That the true disc of even a large

and bri<^ht star can have but a very minute angular measure,

appears°from the fact that in the occupation of such a star

by the moon, its extinction is absolutely instantaneous, not the

smallest trace of gradual diminution of light being perceptible

The apparent or spurious disc also remains perfectly round and

of its full size up to the instant of disappearance, which could

not be the case were it a real object. If oui' sun were

removed to the distance expressed by our parallactic unit

(art. 804.), its apparent diameter of 32' l"-5 would be reduced

to only 0"-0093, or less than the hundredth of a second, a

nuantity which we have not the smallest reason to hope any

practical improvement in telescopes wiU ever show as an

obiect having distinguishable >nn.
. , . , „

Isi? ^ There remains therefore only the indication which the

nnUitv of li-ht they send to us may afford. But here again

Ttt^dlSlty besL us. The light of the sun is . im-

mensely superior in intensity to that of any star, that it is

CracLable to obtain any direct comparison between them.

^ Mw nl' the moon as an intermediate term of comparison

fryr:n%:n:tindeed^

.veU to satisfy in some degree our curiosity on the subject.
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Novf a. Centaiu-i has been directly compared with the moon by
the method explained in Art. 783. By a mean of eleven such
comparisons made in various states of the moon, duly reduced
and making the proper allowance on photometric principles

for the moon's light lost by transmission through the lens and
prism, it appears that the mean quantity of light sent to the
earth by a full moon exceeds that sent by « Centam-i in the
proportion of 27408 to 1. Now Wollaston, by a method
apparently unobjectionable, found * the proportion of the
sun's light to that of the full moon to be that of 801072 to I.

Combining these results, we find the light sent us by the sun
to be to that sent by a Centauri as 21,955,000,000, or about
twenty-two thousand millions to 1. Hence from the parallax
assigned above to that star, it is easy to conclude that its

intrinsic splendour, as compared with that of our sun at equal
distances, is 2-3247, that of the sun being unity.f

(818.) The light of Sirius is four times that of « Centauri,
and its parallax only 0"-15. (Art. 230.) This in effect
ascribes to it an intrinsic splendour equal to 169-35 times that
of « Centauri, and therefore 393-7 times that of our sun. J

* Wollaston, Phil. Trans. 1829. p. 27.

n
+ f Observations at the Cape of Good Hope, §-c. Art. 278.

p. 363. Ifonly the results obtained near the quadratures of the moon fwhichIS the situation most favourable to exactness) be used, the resulting value of theuitrinsic light of the star (the sun being unity) is 4-1586. On he otherhand, If only those procured near the full moon (the worst time for observationbe employed, .the result is 1 -4017. Discordances of this kind will startle no oneconversant with Photometry. That a Centauri really emits more ligjn thanour sun must, we conceive, be regarded as an established fact. To those vvhomay reter to the work cited it is necessary to mention that the ouantitv thp>o
designated by M, expresses, on the scale [here adopted. 500 timrthe Vc uLIUluminat.ng power ot the moon at the time of observation, that of the meanlull moon being unity.

aooo^o'miir'":^''
P- ^'«7.-Wollasto,n makes the light of Sirius one

fX-"nm. "i
°^ ^''^^'"'^ '^'y ""'pertain method found G =l^-'ooaOO)" X Arcturus. ^

Q (1 -2
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CHAPTER XVI.

VARIABLE A^D PERIODICAL STARS. - LIST OP THOSE ALREADY

B:^0W— IRREGULARITIES IN THEIR PERIODS AND LUSTRE WHEN

BRIGHTEST.— mREGULAR AND TEMPORARY STARS. - ANCIENT

CHINESE RECORDS OF SEYERAL.-mSSING STARS.-DOUBLE STARS.

—THEIR CLASSIFICATION.— SPECIMENS OP EACH CLASS.- BINARY

SYSTEMS.— REVOLUTION ROUND EACH OTHER. - DESCRHJE EL-

LU'TIC ORBITS UNDER THE NEWTONIAN LAW OF GRAVITY. — ELE-

MENTS OF ORBITS OP SEVERAL.- ACTUAL BBIENSIONS OF THEIR

ORBITS-COLOURED DOUBLE STA.S.- PHENOMENON OF COMPLE-

KENTARY COLOURS.- SANGUINE STARS.- PROPER MOTION OP T^

STARS. -PARTLY ACCOUNTED FOR BY A REAL MOTION OP T^

SUN.- SITUATION OP THE SOLAR APEX.- AGREE.IENT OF SOUTH-

ERN AN^D NORTHERN STARS IN GIVING THE SA.IE ^^'^"^^--^^^

CH-LES ON WHICH THE INVESTIGATION OF THE SOLAR MOTION

DEPENDS. -ABSOLUTE VELOCITY OF THE SUN'S MOTION.- SUP-

POSED REVOLUTION OF THE WHOLE SIDEREAL SYSTEM ROUND A

.COMMON CENTER. -SYSTEMATIC ^^^^"^"^ ^^^^^^^^
BEEECT OF THE MOTION OP LIGHT IN AI.TERING THE APPARENT

PERIOD OF A BINARY STAR.

(819.) Now, for what purpose are we to suppose such

macrnlficent bodies scattered thx'ougli the abyss of space.

Su?ely not to iUuminate our nights, which an additional moon

of the thousandth part of the size of our own would do much

better, nor to sparkle as a pageant void of meaning and rea-

lity, and bewilder us among vain conjectm-es. Useful, it is

trie they are to man as points of exact and permanent

reference ; but he must have studied astronomy to little

™c vho can suppose man to be the only object of hi

Teator's care, or who does not see in the vast and wondei u

a^ r isaiW us provision for other races of a.nn^^d

be ngs. The planets, as we have seen, derive their hght_fiom

th sun ; but that cannot be the case with the stai.. Thc^

d nb"e s, then, are themselves suns, and may, perhaps, each
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in its sphere, be the presiding center round wMch other
planets, or bodies of which we can form no conception from
any analogy offered by our own system, may be circulating.

(820.) Analogies, however, more than conjectm-al, ai-e not
wanting to indicate a correspondence between the dynamical
laws which prevaUin the remote regions of the stars and those
which govern the motions of our own system. Wherever we
can trace the law of periodicity—the regular recurrence of
the same phienomena in the same times—we are strongly
impressed with the idea of rotatory or orbitual motion.
Among the stars axe several which, though no way distin-
guishable from others by any apparent change of place, nor
by any difference of appearance in telescopes, yet undergo
a more or less regular periodical increase and diminution of
lustre, mvohing in one or two cases a complete extinction
and revival. These are called periodical stars. The lonaest
known and one of the most remarkable is the star Omicron,m the constellation Cetus (sometimes called Mira Ceti), which
was first noticed as variable by Fabricius in 1596 It ap-
pears about twelve times in eleven years, or more exactly in
a period of 331^ 8^ 4- 16- remains at its greatest bright-
ness about a fortnight, being then on some occasions equal
to a large star of the second magnitude; decreases during
about three months, tUl it becomes completely invisible to
the naked eye, in which state it remains about five months

:

and continues increasing during the remainder of its period.
Such is the general course of its phases. It does not always
however return to the same degree of brightness, nor increase
and diminish by the same gradations, neither are the successive
intervals of its maxima equal. From the recent observations
and inquiries into its history by M. Argelander, the mean
period above assigned would appear to be subject to a cycHcal
fluctuation embracing eighty-eight such periods, and having
the effect of gradually lengthening and shortening alternately
those intervals to the extent of twenty-five days one way and
the other.* The irregularities in the degree of brightness
attained at the maximum are probably also pei?odical.

• Astronom. Nachr. No. 624.
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Hevelius relates* that during the four years between October

1672 and December 1676 it did not appear at all. It was

unusually bright on October 5. 1839 (the epoch of its maxi-

mum for that year according to M. Argelander's observations)

when it exceeded « Ceti and equaUed /3 Auriga in lustre.

When near its minhnmn its colour changes from white to a

full red.
. . 1 ' u 4.

(821.) Another very remarkable periodical star is that

called Algol, or 13 Persei. It is usually visible as a star of

the second magnitude, and such it continues for the space

of 2^ IS^^\ when it suddenly begins to diminish in splendour,

and in about 3^ hours is reduced to the fom-th magnitude, at

which it continues about 15^. It then begins again to in-

crease and in 3i hours more is restored to its usual brightness,

going through all its changes in 2^ 20^ 48- 54-7. This re-

mai'kable, law of variation certainly appears strongly to

suggest the revolution round it of some opaque body, which

when interposed between us and Algol, cuts off a large

portion of its light ; and this is accordingly the view taken of

the matter by Goodricke, to whom we owe the discovery of

this remarkable fact f, in the year 1782; since which time

the same phsenomena have continued to be observed, but with

this remarkable additional point of interest ;
viz. that the

more recent observations as compared with the earlier ones

indicate a diminution in the periodic time. The latest ob-

servations of Argelander, Heis, and Schmidt, even go to prove

that this dhninution is not unifonnly progressive, but is ac-

tually proceeding with accelerated rapidity, which however

will probably not continue, but, Hke other cycUcal combina-

tions in astronomy, will by degrees relax, and then be

changed into an increase, according to laws of periodicity

+ The"sSeiiscov°.7^PPear^ been made nearly about the same time

u P.i;tvM, 1 farmer of Prolit7., near Dresden,— a peasant by station, an astro-

by l'^'^,^^^
fron, his familiar aequaintanee with the aspect of the

nomer by
"^'""^^TJ ,„ti,e so many thousand stars tliis one as dis-

d"?r„m t /e1e °t y s variat-ron. and had ascertained its period. The

rm'rP-d?t.ch ".falso tho'^ to re-.li.cover the predicted comet of H alley n,

17^9, which he saw nearly a month before any of the astronomers, « ho, armed

with their telescopes, were anxiously watching Us return. Ihese
""^f

"'^^

carrv us back to the era of the Chaldean sheplierds. Montanan 1669, and

lAlaraldi in 1694, had already noticed a fluctuation of brightness m Algol.
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which, as -well as their causes, remain to be discovered. The
first minimum of this star in the year 1844 occurred on Jan.
3, at 4'' 14" Greenwich mean time.*

(822). The star S in the constellation Cepheus is also sub-
ject to periodical variations, which, from the epoch of its first

observation by Goodricke in 1784 to the present thne, have
been contmued with perfect regularity. Its period from
mimmum to minimum is 5^ 8^ 47"" 39''5, the first or epochal
mmunum for 1849 falHng on Jan. 2. 3^ IS"' 37« M. T. at
Greenwich. The extent of its variation is from the fifth to
between the thh^d and fourth magnitudes. Its increase is
more rapid than its diminution, the interval between the
minimum and maximum of its light being only 14\ while
that from the maximum to the minimum is 3'^ 19\

(823.) The periodical star /3 Lyr«, discovered by Good-
ricke also in 1784, has a period which has been usuaUy stated
at from 6^ 9^ to 6^ ll^ and there is no doubt that in about
this mterval of thne its light undergoes a remarkable diminu-
tion and recovery. The more accurate observations of M.
Argelander however have led him to conclude f the true
period to be 12'* 2P 53- 10% aud that in this period a double
maxnnum and minhnum takes place, the two maxhna bein<^
nearly equal and both about the 3-4 magnitude, but the
minhna considerably unequal, viz. 4-3 and 4-5m. In addition
to this curious subdivision of the whole interval of chanae
into two semi-periods, we are presented in the case of
this star with another instance of slow alteration of period,
which has all the appearance of being itself periodical. From
the epoch of its discovery in 1784 to the year 1840 the period
was continually lengthening, but more and more slowly,
till at the last-mentioned epoch it ceased to increase, and has
since been slowly on the decrease. As an epoch for the
least or absolute minimum of this star, M. Argelander's cal-
culations enable us to assign 1846 Januarv 3^ 0'' 9- 'Jq^

G.M. T.
J' ^ 06

• A»t Nach. No. 472.
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(824.) The following list comprises most of tlie variable

stars at present known :

—

star.

T ? Pise.

a Cass.

S ? Pise. -

R ? Pise. -

Ceti -

3 Pers. -

K Tiiur. -

E, ? Taur. -

S ? Taur. -

R ? Ol io. -

e Auri. -

a Orio. -

f Gemi. -

R ? Gemi. -

R ? Can. ni.

S ? Can. m.

S ?• Gemi. -

T ? Gemi. -

U ? Gemi.

R ? Cane.

S ? Cane. -

S? Hyd.

T? Hyd. -

a Hyd.
3 Leon. -

\f/
Leon.

R ? Leon. -

R ? Urs. M.
T) Argus
a Urs. M.

R ? Comae.

5 Urs. M.

21 Virg.

R ? Virg.

S ? Urs. M.
U ? Virg. -

Hydr. -

S ? Virg. -

7, Urs. M.
Libr. -

Urs. 7)1.

I,ibraB

Serp.

Cor. B.

R? Serp.

V ? Soorp.

S ? Scorp. •

80 Mess.

S

S?
R?

I

Luther, 1855.

Birt, 1831.

Hind, 1851.

Hind, 1850.

Fabricius, 1596.

Goodriclvc, 1782.

Baxendell, 1818.

Hind, 1849.

Hind, 1848.

Heis, 1846.

Schmidt, 1855.

J. Herschel, 1836.

Schmidt, 1847.

Hind, 1848.

Argdander,1854.
Hind, 1856.

Hind, 1848.

Hind, 1848.

Hind, 1855.

Schwerd, 1829.

Hind, 1848.

Hind, 1848.

Hind, 1850.

Hind, 1851.

J. Hersehel, 1837

Smyth, —

?

Montanari, 1667

Koch, 1782.

Pogson, 1853.

Burchell, 1823.

Lalandc, 178'6.

Harding, 1809.

Pogson, 1853.

Maraldi, 1704.

Hind, 1852.

Lalnndc, 1786.

Schumacher. —

?

Stnivc. 1838.

Harding, 1828.

Pigott, 1795.

Harding, 1896.

Cliacornac, —

?

Chacoinac, 18 5,5.

Pogson, 1860.
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Magn.
Star, R..-\. N. P. D.

1850. IBoO.

Max . Mill.

S ? Ophi. - y o lo 0
* Nova - 1 no QQ ^ 0 1 o 0
R ? Ophi. - 16 59 1 uo Q

C5
1 o

a Here. - 1 7 fi 7 Ofi O 1 37
K Cor. A, 1

S

1 o .^o 1 OQ Kr\ o
O 6

R ? Scut. - 1 8 tiQ Q ^y 0 .01 0 9
& LvrsB — 1 S d.'^I O *iO OD 4^ o 0 4 0
13 Jj'yrsQ -

1 8 51 ilfi 1to 10 4 3 4-6

,

-.K ? Aqui -
0.a U 6-5

40 8 8 14
1 y 41 56 37 5 1

1

T) A mil — 1 Q /I ^
1 y 4o 89 22 3-3 4-7

V Cjgn. - ly ox 55 19 4-5 5-5

104 42 9-5 13-5
20 12 52 26 3 6

Deiph. 20 33 77 49 8 8

—

1 20 5 1

1

L J.

Aquar 20 42 95 42
T? Capr. -

1 21 15 105 47 9-0
BAG 7582 - 21 S9 31 54 .-5 6
S ? Pega. -

S Ceph. -

22 15 82 44 8-5 13-5
22 24 32 21 3-7 4-7

)3 Pega. - 22 57 62 44 2 2-5
R ? Pega. -

R ? Aqua. -

22 59 80 16 8-5 13-5
23 37 106 6 6-5 10

R ? Cass - 2;5 51 39 26 6 14

Period,
Days. Discovered by

220 ?

396 ?

66-33 ?

Long.
61

12-914

48

415-50

406-06

7-1763

Long.

18 years ?

274 ?

274
Long,

5-3664

41

350
388-50

414 ?

Pogson, 1854.
Hind, 1848.
Pogson, 1853,
W. Herschel,1795
Halley, 1676.
Pigott, 1795.

Goodricke, 1784.
Baxendell, 1856.

Pogson, 1812.
Kircb, 1687.
Pigott, 1784.
J. Herpchcl, 1842.
Hind, 1848.

Jansoii, 1600.
Struve, 1823.
Pogson, 1853,
Goldschmrdt.

W.Herschel, 1782
Hind, 1848.

Goodricke, 1784,
Schmidt, 1848,
Hind, 1848.

Harding. 1810.
Pogson, 1853.

826,) Irregulanties similar to those which have been
noticed m the case of o Ceti, in respect of the maxima and
minima of brightness attained in successive periods, have been
also observed in several others of the stars in the foregoing
hst. X Cygm, for example, is stated by Cassini to have been
scarcely visible throughout the years 1699, 1700 1701 at
those times when it was expected to be most conspicuous.
JNo. 59 bcuti IS sometimes visible to the naked eye at itsmimmum, and sometimes not so, and its maximum is also very
irregular. Pigott's variable star in Corona is stated by M
Argelander to vary for the most part so little that the unaided
eye can hardly decide on its maxima and minima, while vet
after the lapse of ^hole years of these slight fluctuations, they
suddenly become so great that the star completely vanishes.The variations of « Ononis, which were most striking and un-
equivocal m the years 1836 - 1840, within the years since
elapsed became much less conspicuous. In Jan. 1849 they
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had recommenced ; and on Dec. 5tli, 1852, Mr. Fletcher ob-

served a Orionis brighter than Capella, and actually the

largest star in the Northern hemisphere. The star called U
Geminorum, in the list above given, is stated by Mr. Pogson

to be subject to alternations or twinklings of light from the

ninth to the thirteenth magnitude, in intervals from nine to

fifteen seconds, neighbouring stars of equal brightness re-

maining steady!

(827.) These irregularities prepare us for other phasnomena

of stellar variation, which have hitherto been reduced to no

law of periodicity, and must be looked upon, in relation to

our ignorance and inexperience, as altogether casual ;
or, if

periodic, of periods too long to have occurred more than once

within the limits of recorded observation. The phenomena

we allude to are those of Temporary Stars, which have ap-

peared, from time to time, in different parts of the heavens,

blazing forth with extraordinary lustre ; and after remaining

awhile" apparently immovable, have died away, and left no

trace. Such is the star which, suddenly appearing some time

about the year 125 B. C, and which was visible in the day-

time, is said to have attracted the attention of Hlpparchus,

and led him to draw up a catalogue of stars, the earliest on

record. Such, too, was the star which appeared, A. D.

389, near « Aquilje, remaining for three weeks as bright as

Venus, and disappearing entirely. In the years 945, 1264,

and 1572, brilliant stars appeared in the region of the hea-

vens between Cepheus and Cassiopeia; and, from the im-

perfect account we have of the places of the two earHer, as

compared with that of the last, which was well determined,

as well as from the tolerably near coincidence of the intervals

of their appearance, we may suspect them, with Goodricke,

to be one and the same star, with a period of 312 or perhaps

of 156 years. The appearance of the star of 1572 was so

sudden that Tycho Brahe, a celebrated Danish astronomer,

returning one evening (the Uth of November) from his la-

boratory to his dwelling-house, was surprised to find a group

of country people gazing at a star, which he was sure did not

exist half an hour before. This was the star m question. It
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was then as bright as Sh-ius, and continued to increase till

it surpassed Jupiter when brightest, and was visible at mid-
day. It began to diminish in December of the same year,

and in March, 1574, had entirely disappeared. So, also, on
the 10th of October, 1604, a star of this kind, and not less

briUiant, burst forth in the constellation of Serpentarius,

which continued visible till October, 1605.

(828.) Sunilar phjenomena, though of a less splendid cha-

racter, have taken place more recently, as in the case of the
star of the third magnitude discovered in 1670, by Anthelm,
in the head of the Swan

;
which, after becoming completely

invisible, re-appeared, and, after undergoing one or two sin-

gular fluctuations of light, during two years, at last died away
entu-ely, and has not since been seen.

(829.) On the night of the 28th of April, 1848, Mr. Hind
observed a star of the fifth magnitude or 5-4 (very conspi-

cuous to the naked eye) in a part of the constellation Opliiu-

chus (E.A. W SI"" P-5. N.P.D. 102° 39' 14'^, where, from
perfect familiarity with that region, he was certain that up to
the 5th of that month no star so bright as 9-10 m. previously
existed. Neither has any record been discovered of a star
being there observed at any previous time. From the time of
its discovery it contmued to dhninish, without any alteration
ofplace, and before the advance of the season renderedfurther
observation impracticable, was nearly extinct. Its colour
was ruddy, and was thought by many observers to undergo
remarkable changes, an effect probably of its low situationt

(830.) The alterations of brightness in the southern star

V Argus, which have been recorded, are very singular and
surprising. In the time of Halley (1677) it appeared as a
star of the fourth magnitude. Lacaille, in 1751, observed
it of the second. In the interval from 1811 to 1815, it was
again of the fourth; and again from 1822 to 1826 of the se-
cond. On the 1st of February, 1827, it was noticed by
Mr. Burchell to have increased to the first magnitude, and to
equal « Crucis. Thence again it receded to the second

; and
so continued until the end of 1837. All at once in the be-
ginning of 1838 it suddenly increased in lustre so as to
surpass all the stars of the first magnitude except Sirius,
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Canopus, and a Centauri, whicli last star it nearly equalled.

Thence it again diminished, but this time not below the 1st

magnitude until April, 1843, when it had again increased so

as to surpass Canopus, and nearly equal Sirius in splendour.

In May, 1863, as well as in the years 1866-68, according to

Mr. Abbott, and Mr. John Tebbutt, jun., it was only of the

6th magnitude,* Professor Loomis considers it as periodical,

the interval of the minima being about seventy years.! " A
strange field of speculation," it has been remarked, "is

opened by this phsenomenon. The temporary stars here-

tofore recorded have all become totally extinct. Variable

stars, so far as they have been carefully attended to, have

exhibited periodical alternations, in some degree at least re-

o-ular, of splendour and comparative obscurity. But here

we have a star fitfully variable to an astonishing extent, and

whose fluctuations are spread over centuries, apparently m
no settled period, and with no regularity of progression.

What origin can we ascribe to these sudden flashes and

relapses? What conclusions are we to draw as to the

habitability of a system depending for its supply of light

and heat on so uncertain a source ? " Speculations of this

kind can hardly be termed visionary, when we consider that,

from what has before been said, we are compelled to admit

a community of nature between the fixed stars and our own

sun ; and reflect that geology testifies to the fact of extensive

changes having taken place at epochs of the most remote

antiquity in the climate and temperature of our globe difficult

to reconcile with the operation of secondary causes, such aa

a different distribution of sea and land, but which would find

an easy and natural explanation in a slow variation of the

supply of light and heat afforded by the sun itself.

(831 ) The Chinese annals of Ma-touan-lint,inwhich stand

offlcialhj recorded, though rudely, remarkable astronomical

pLnomena, supply a long list of " strange stars, among

which, though the greater part are evidently comets, some

may be recognized as belonging in all probability to the class

of Temporar7j Stars as above characterized. Such is tliat

. Notices of R. Ast. Soc. xxiv. p. 6. ; xxv. p. 192.; xxviii. p. 200. and p. 2G6.

\ Sla"'dbjM' Edward Biot, Connoissance des Temps. 1846.
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wliicli is recorded to have appeared in a.d. 173^ between a
and /3 Centauri, which (no doubt, scintillating from its low
situation) exhibited "the five colours," and remained visible
from December in that year till July in the next. And
another which these annals assign to a.d. 1011, and which
would seem to be identical with a star elsewhere referred to
A.D. 1012, "which was of extraordinary brilliancy, and re-
mained visible in the southern part of the heavens during
thi-ee months," * a situation agreeing with the Chinese ret
cord, which places it low in Sagittarius. Among several less
unequivocal is one referred to B.C. 134, in Scorpio, which
may possibly have been Hipparchus'^ star. [Lastly, on
May 12, 1866, a star of the second magnitude was unex-
pectedly noticed by Mr. Birmingham (at Tuam) near e Co-
rouEE. It diminished rapidly, having been seen by Dr.
Huggins on May 15, 16, 17, 18, 19, 20 respectively as 3-6^
4-2, 4-9, 5-3, 5-7, and 6-2 m. After dwindling to 10 m. it
again recovered so far as to have been seen on October 5 by
M. Schmidt as 7 m. Its place for 1866 was R. A. 16*' 54'"

;

N.P.D. 63° 42'. Its spectrum was twofold, exhibiting both
positive and negative lines, indicating at once the presence
of flame and absorptive vapours.]

(832.) On a careful re-examination of the heavens, and a
comparison of catalogues, many stars are now found to be
missing; and although there is no doubt that these losses
have arisen in the great majority of instances from mistaken
entries, and in some from planets having been mistaken for
stars, yet in some it is equally certain that there is no
imstake in the observation or entry, and that the star has
really been observed, and as really has disappeared from
the heavens. The whole subject of variable stars is a
branch of practical astronomy which has been too little

followed up, and it is precisely that in which amateurs of
the science, and especially voyagers at sea, provided with
only good eyes, or moderate instruments, might employ
their time to excellent advantage. Catalogues of the com-

* Hind Notices of the Astrono.nical Society, vili. 15G., citing HepidannusHe p aces the Chinese star oflVS B.C. l,etween a nnd ^ Canis Minoril hn^HBlot distinctly says a, pied oriental du Ccniaure.
'
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parative brightness of the stars in each constellation have

been constructed by Sir Wm. Herschel, with the express

object of facilitating these researches, and the reader will

find them, and a full account of his method of comparison, m

the Phil. Trans. 1796, and subsequent years.

(833 ) We come now to a class of phenomena of quite a

different character, and which give us a real and positive

insio-ht into the nature of at least some among the stars, and

enable us unhesitatingly to declare them subject to the same

dynamical laws, and obedient to the same power of gravita-

tion, which governs our own system. Many of the stars,

when examined with telescopes, are found to be double i.e.

to consist of two (in some cases three or more) individuals

placed near together. This might be attributed to accidental

proximity, did it occur only in a few instances ;
but the fre-

quency of this companionship, the extreme closeness and, m

many cases, the near equahty of the stars so conjoined, would

alone lead to a strong suspicion of a more near and intimate

relation than mere casual juxtaposition. The bright star

Castor, for example, when much magnified, is found ^o con-

sist of two stars of nearly the third magnitude, withm 5 ot

each other. Stars of this magnitude, however, are not so

common in the heavens as to render it otherwise than ex.ces-

sively improbable that, if scattered at random, they would

fall so near. But tlais improbability becomes imnaensely in-

creased by a consideration of the fact, that this is only one out

ofTgreatmanysimilarinstances. MicheU, in 1767, applying

the rules for the calculation of probabilities to the case of the

, brio-htest stars in the group called the Pleiades, found

the odds to be 500000 to 1 against theii' proximity bemg

the mere result of a random scattering of 1500 stars (which

he supposed to be the total number of stars of that magnitude

Tn 2 celestial sphere*) over the heavens. Specula ing

further on this, as an indication of physical connexion rather

Wortuitous assemblage, he was led to surmise the possi-

Sty "

, • nonsiderably too small, and in consequence, Michell's odds

,n this case
'""'^"^f "',„,,„t. Pl.il- Trans, vol. 57.

fully to bear out Ins argumtni.-
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antecedent to any observation) of the existence of compound
stars revolving about one another, or rather about their com-
mon center of gravity. M. Struve, pursuing the same train
of thought as applied specially to the cases of double and
triple combinations of stars, and grounding his computations
on a more perfect enumeration of the stars visible down to
the 7th magnitude, in the part of the heavens visible at Dor-
pat, calculates that the odds are 125 to 1 against any two
stars, from the 1st to the 7th magnitude inclusive, out of the
whole possible number of binary combinations then visible,
falling (if fortuitously scattered) within 4" of each other'
Now the number of instances of such binary combinations
actually observed at the date of this calculation was already
91, and many more have since been added to the list. Ao-ain
he calculates that the odds against any such stars fortuito^usly
scattered, falling within 32" of a third, so as to constitute a
tnple star, is not less than 4340 to 1. ^w, four such com-
binations occur in the heavens; viz. 6 Orionis, o- Orionis
1
1
Monocerotis, and f Canci-i. The conclusion of a physical

connexion of some kind or other is therefore unavoidable.
(834.) Presumptive evidence of another kind is furnished

by the foUowmg consideration. Both a Centauri and 61Cygm are « Double Stars." Both consist of two individuals
nearly equal, and separated from each other bj an interval'
of about a quarter of a minute. In the case of 61 Cyo-ni the
stars exceeding the 7th magnitude, there is already a prima
^cie probability of 9 to 1 against their apparent proximity.
Ihe two stars of a Centauri are both at least of the 2nd
magnitude, of which altogether not more than about 50 or
60 exist in the whole heavens. But, waving this considera-
tion, both these stars, as we have already seen, have a proper
motion so considerable that, supposing the constituent indi-
viduals unconnected, one would speechly leave the other be-
hind. Yet at the earliest dates at which they were respec
tively observed these stars were not perceived to be double
and ,t IS only to the employment of telescopes magnifying
least 8 or 10 times, that we owe the knowledg^e we fow
possess oi their being so. With such a telescope Lacaille in
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1751, was barely able to perceive the separation of the two

constituents of a Centauri, whereas, had one of them only-

been affected with the observed proper motion, they should

then have been 6' asunder. In these cases then some phy-

sical connexion may be regarded as proved by this fact a one

(835.) Sir William Herschel has enumerated upwards ot

500 double stars, of which the individuals are less than 32"

asunder. M. Struve, prosecuting the inquiry with mstru-

ments more conveniently mounted for the purpose, and

wrought to an astonishing pitch of optical perfection, has

added more than five times that number. And otlier ob-

servers have extended still further the catalogue of " Double

Stars," without exhausting the fertility of the heavens.

Amono- these are a great many in which the distance between

the component individuals does not exceed a smgle second.

They are divided into classes by M. Struve (the first hvmg

a,uthority in this department of Astronomy) according to the

proximity of their component individuals. The first class

comprises those only in which the distance does not exceed

1 the 2nd those in which it exceeds 1" but faUs short of 2 ;

th; 3rd class extends from 2" to 4" distance; the 4th from

4" to 8" ; the 5th from 8" to 12" ; the 6th from 12 to 16 ,

the 7th from 16" to 24", and the 8th from 24" to 32"._ Each

class he again subdivides into two sub-classes of which the

one under the appellation of conspicuous double stars (duphces

lucid^) comprehends those in which both individuals exceed

the 8i magnitude, that is to say, are separately blight enough

to be easily seen in any moderately good telescope. All

others, in wHch one or both the constituents axe below tlais

limit ;f easy visibility, are collected into another sub-class,

which he terms residuary {Duplices reliquce) This arrange-

Lntisso far convenient, that after a little practice m the

use of telescopes as applied to such objects it is easy to judge

what optical iower will probably suffice to resolve sUi of

any proposed class and either sub-class, or would least be

lo'Le second or residuary sub-class were
^-f^^^^"^^^^

by placing in a third sub-class "delicate" double stais^ or

those in which the companion star is so very minute as to
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require a high degree of optical po^er to perceive it, of whichinstances will presently be given.

(836.) The following may be taken as specimens of eachclass. They are aU taken from among the lucid, or con'cuous stars, and to such of our readers as may be in posseX

Ls 7? '^^i"^^^ on Zh Zjects, wiU afford him a ready test of their degree of efficiency.

Class I, 0'

7 Corona; Bor.

7 Centauri.

7 Lupi.
e Arietis.

C Herculis.

7 2 Andromeda.

7 Circini.

5 Cygni.

6 Chamaileontis.

t; CoroHEB.

V Herculis.

A CassiopeijB.

A Opiiiuchi.
T Lupi.
A Cygni.

to 1".

1 Ophiuchi.

<p Draconis.

<?> UrsK Majoris.

X Aquila.
<^ Leonis.

<p Androraed>B.

Class II., 1" to 2".

f Bootis
i Cassiopeia;

» 2 Cancri.

f Ursffi Majoris.
f Aquilffi.

CoronjE Bor.

a Piscium.

)3 Hydras.

7 Ceti.

7 Leonis.

7 CoronEB Aus.

7 Virgin is.

5 Serpentis.

6 Bootis.

e Draconis.
e HydrsB.

Class III., 2'-" to 4"

Atlas Pleiadum.
4 Aquarii.

5 Aquarii.

42 Coma.
52 Arietis.

66 Piscium.

2 Camelopardl.
32 Orionis.

52
. Orionis.

C Aquarii.

C Orionis.

' Leonis.

» Trianguli.

K Leporis.

a Crucis.

a Herculis.
a Geminorum.
5 Geminorum.
C Coronse Bor.

^ Orionis.

7 Arietis.

y Delphini.

a Centauri.

& Cephel.

P Scorpii.

a Canum Ven.
e Normae.

C Piscium.

8 Herculis,

V Lyra.

Class IV., 4'^ to 8".
e PJioenlcis.

I Cephel.
K Cephei. ^ Bootis.
A Ononis.

p Capricorni.
MCygni. i/Argfls.
* Bootis. a, Auriga.

Class v., 8 ' to 12".

C Antlla.

1) Cassiopeia.

B Eridani.

fj. Draconis.

Caiils.

p Herculis.
o- Cassiopeia.

44 Bootis.

Eridani.

70 Ophiuchi.
12 Eridam.
32 Eridani.

95 Herculis.

< Orionis.
f Eridani.

2 Canum Ven.

Class VI., 12" to 16".

7 Volantis. « Bootis.

?n 8 MonocerotLs.
f Ursa Major. gl CygnL

Class VIL, 16" to 24".
e Serpentis. 24 Coma,
« Corona AuS.
X Taurl.

Class VIII., 24" to
« Herculis.

i/* Draconis.

41 Draconis.

61 Ophiuchi.

32".

X Cygni..

23 Orioiiiii,
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(837 )
Among the most remarkable triple, quadruple, or

multiple stars (for such also occur), may be enumerated,

7 Andromeda.. 9 Orionis. f
^^^^^^^.^

e Lyr*. ^^ Lupu

C Caneri. M ^

Of these, 7 Andromed^e, ^ Bootis, and f.
Lupi appear m

te escope /even of considerable optical power, only as ord.-

nary double stars; and it is only when excellent—
riLed that their smaller companions aresubd.vd^^^^^^^

to be in fact, extremely close double stars, e Lyrae otters

Tremarkabi: combination of a double-double star Jewed

with a telescope of low power it appears as a coarse and e^Jy

Tvided double stax, but on increasing the magnifying power,

tcfindividual is perceived to be beautifuUy and clos^y

double, the one pair being about 21", the other about 3

asunder. Each of the stars ? Cancn, 0 Scorpu 11

1 2 Lyncis consists of a principal star, c^sely doub^

A . smaller and more distant attendant, while fl Unoms

; Ch::o™enon of four «ant P™=f
, r A+T, fi+b 7th and 8th magmtudes, lormmg a

the respective 4th, bth, 7tn, anu ot g

trapezium, the longest diagonal of which is 21 4, and ac

.nmnanied by two excessively minute and very close
.

^^J^-

nJons as in the annexed figure), to perceive both which is

rofthe severest tests which can be applied to a telescope.

838% tie "delicate" sub-class of double stars, or those

^
t nl of very large and conspicuous principal stars, ac-

riTe^bV^er^^ companions, the following speci-

mens may suffice
: .

. i -n ,ntu

„ Polaris. ,
UrsaMnjoris. '

virpTni^

o LyriE. '
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(839.) To the amateur of Astronomy the douhle stars offera subject of very pleasmg interest, as tests of the performanceot to, telescopes, and by reason of the finely contrastedcolours wtoch many of them exhibit, of which more hTrlrfte,Bu. ,t .s the high degree of physical interest which attale

'

to them, wh,ch assigns them a conspicuous place in modernAstronomy, and justifies
.the mmute attention and unweS

d.l.gence bestowed on the measurement of theirTng e" ofpos, mn and distances, and the continual enlargement of „m'catalog>,es of them by the discovery of new ones. ItZas we have seen, under an impression that such combinations

Louts "A ' »f P"^-tto-ough the periodical variations it might be exnected tn

^Tr'tT'^T "'^"^ attXfsta^^

^d I7R4W "r'^^""^, (between the years 1779and 1784) to foi-m the first extensive catalogues of themunder the scrutiny of higher magnifying p„|er? than Sever previously been applied to such purposes 1 the ptsuit of this object, the end to which it was instituted as ameans was necessarily laid aside for a time, until the accumulation of more abundant materials should have affordTd :

c °v":tion
"T^W^-^-^tanced for systema& ob!

irrand^::': sir^'rbS i^t
altogether diverted from ^^^^^^^TZZ^by phaiuomena of a very m^expected chaviter, which It oTceengrossed his whole attention. Instead of finding, 1 he "xpected, that annual iiuctuation to and fro of one sTar of ^double star with respect to the othei,_thataCa an^amcrease and decrease of their distance and angle of positilwhich the parallax of the earth's annual motfon woST o^Iduce,-he observed, m many instances, a regular progressivechange; ^^S,^

disLfe'-Iiothers on their position, and advancing steadily in one directmn, so as clearly to indicate cither aLl moti'on ot2e Zlhemselves, or a general rectilinear motion of the sun andvhole solar system, producing a parallax of a hi^hei oiXrtfian would anse from the earth's orbitual motion, "and witlmight be called systematic parallax.
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( 840. ,
Supposing the t>vo stars, and also the sun in motion

inSeutly of eaeh other, it is clear that for the m erval

f sTeral yeL, these motions must he regarded as reo«hne^

and uniform. Hence, a very slight
»<=<l-'"f '^^^

metrr will suffice to show that the «,,pare,it moUm of one

Z li a double star, referred to the "'h-;-

mapped down, as it were, on a p ane m whrch
;f

be token for a fixed or zero pomt, cau '''^ "° *

MM line. This, at least, must he the ease if the star, be

111 ndent of each other; hut it will he otherwise >f they

lie rZsical connexion, such as, for instaiice real pro.r-

X and mutual gravitation would establish. In that case,

I' rouiraescrlbe orbits round each other, and round tor

ommon center of gravity; and therefo^
Z^^Tl^T.

of either referred to the other as fixed, instead ot l>em„

li^f a straight Une, would be hent »to ^ curve—

^"^tltInlU! S:-subse,ueut
year, it was dlstin^Vr

an "id h hi;, in two papers, whldi ^viU b^^und m

Transactions of the Royal Society tW
y^^^^^^^^^

*

exist sidereal systems, composed of

^^'l^'^l^^
'

each other in regular orbits. ""^l^^^J^ double Lrs
termed Unary stars, to

stars

generally so called, in
-'-^^2J^l^^'''^-^'y or

„e confounded, perhaps M-^th ' ^.
^

casually juxtaposed in the heavens at difc^^^^

„t w.-^ in fact m.ie in ISO-, but unaccompanied by th.

* The announcement ^^ as i"

obscrv^ons establishing the tact.
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Between fifty and sixty instances of changes, to a greater or
less amount, in the angles of position of double stars, are
adduced in the memoirs above mentioned

; many of which
are too decided, and too regularly progressive, to allow of
their nature being misconceived. In particular, among the
more conspicuous stars,— Castor, y Virginis, ^ TJrsffi, 70
Ophiuchi, (T and rj Coronte, ^ Bootis, rj Cassiopeia, y Leonis,
? Herculis, S Cygni, [x. Bootis, s 4 and e 5 Lyrte, A Ophiuchi,'
Draconis, and ? Aquarii, are enumerated as among the

most remarkable instances of the observed motion ; and to
some of them even periodic times of revolution are assigned;
approximative only, of course, and rather to be regarded as
rough guesses than as results of any exact calculation, for
which the data were at the time quite inadequate. For in-
stance, the revolution of Castor is set down at 334 years, that
of y Vii'ginis at 708, and that of y Leonis at 1200 years'.

(842.) Subsequent observation has fuUy confirmed these
results. Of all the stars above named, there is not one which
is not found to be fully entitled to be regarded as binary

;

and, m fact, this list comprises nearly all the most considerable
visible in our latitudes which have yet been detected,
though (as attention has been closely drawn to the subject,
and observations have multiplied) it has, of late, received
large accessions. Upwards of a hundred double stars, cer-
tamly known to possess this character, were enumerated by
M. Miidler in 1841 *, and more are emerging into notice with
every fresh mass of observations which come before the
public. They require excellent telescopes for their effective
observation, being for the most part so close as to necessitate
the use of very high magnifiers (such as would be considered
extremely powerful microscopes if employed to examine
objects within our reach), to perceive an interval between
the individuals which compose them.

^

(843.) It may easily be supposed, that phajnomena of this
kmd would not pass without attempts to connect them with
dynamical theories. From their first discovery, they were
naturally referred to tlie agency rf some power, like that of

• Dorp"t OI)sei viitioiv«, vol ix. 1840 and 1841.
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gravitation, connecting the stars thus demonstrated to be in

a state of circulation about each other; and the extension of

the Newtonian law of gravitation to these remote systemss

was a step so obvious, and so well warranted by our experi-

ence of its all-sufficient agency in our own, as to have been

expressly or tacitly made by every one who has given the

subject any share of his attention. We owe, however, the

first distinct system of calculation, by which the elliptic

elements of the orbit of a binary star could be deduced fi-om

observations of its angle of position and distance at different

epochs, to M. Savary, who showed*, that the motions of one

of the most remarkable among them (0 Ursse) were expUcable,

witlain the limits allowable for error of observation, on the

supposition of an elliptic orbit described in the short period

of 58 J years. A different process of computation conducted

Professor Enckef to an elliptic orbit for 70 Ophiuchi, de-

scribed in a period of seventy-four years. M. Madler has

especially signalized himself in this line of inquiry (see Table).

Several orbits have also been calculated by Mr. Hind, Ad-

miral Smyth, Mr. Jacob, Mr. Powell, M. Villarceaux, Pro-

fessors Winnecke and Klinkerfuss; and the author of these

pao-es has himself attempted to contribute his mite to these

interesting investigations. t The following may be stated as

the chief results which have been hitherto obtained m this

branch of astronomy § :
—

* Connoiss. des Temps, 1830.
'

t Berlin Ephem. 1832.

i Mem. R. Ast. Soc. vols. v. and xviii.
C^ee

I The "position of the node" in col. 4. expresses the fngl^°f P°^'"°" ^'"^

art 204 ) of the line of intersection of the plane of the orbit wjth the plane of

the heavens on which it is seen projected. The " inclination in col. 6. s the

clinat on of these two planes to one another. Col. 5. shows the angle ac-

uS^^XdnAedintheplaLoftheorbit, between the line of nodes (defined as

tually mcludea t J J
^^^^ ^ this table to » Leonis,

fZli an? CaTor niu'st be considered as very doubtful. Souie cause of per-

« «oot>s, ana v.
, ,

to exist in the movements of p. Ophiuchi. Mr.
turbat.on has been ^"2"^/ /"^f ^'^^ verv rude) observations by llichaud

'Tr STnTcrO and 17?9 dr^vrrLilar conc/usion in the case of the

"
t of« Centauri Compa'ring the mor. modern (and only reliable obser-

system o a <-entaur
.

l »
^ ^^^^^^ confidence with which

vat.ons) however, OP--^-^^^^^
observation will decide the ques-

tir^Thrmagt^^fic::;! double star well merits the most careful and dihgent

altentlon of astronomers.
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(844.) Of the stars in the above list, that which has been

most assiduously watched, and has offered phajnornena of the

greatest interest, is 7 Virginis. It is a star of the vulgar

3rd magnitude (3-08 =:Photom. 3-494), and its component

individuals are very nearly equal, and as it would seem in

some slight degree variable, since, according to the observa-

tions of M. Struve, the one is alternately a little greater,

and a little less than the other, and occasionally exactly

equal to it- It has been known to consist of two stars since

the beginning of the eighteenth century ; the distance being

then between six and seven seconds, so that any tolerably

good telescope would resolve it. When observed by Herschel

Tn 1780 it was 5"-66, and continued to decrease gradually

and reglilarly till at length, in 1836, the two stai-s had ap-

proached so closely as to appear perfectly round and smgle

under the highest magnifying power which could be ap-

plied to most excellent instruments —the great refractor at

Pulkowa alone, with a magnifying power of 1000, contmmng

to indicate by the wedge-shaped form of the disc of the star

its composite nature. By estimating the ratio of its length

to its breadth and measuring the former, M. Struve concludes

that, at this epoch (1836-41), the distance of the two stars,

center from center, might be stated at 0"-22. From that

time the star again opened, and is now agam a pertectly

easlly separable star. This very remarkable diminution and

subsequent increase of distance has been accompanied by a

corresponding and equally remarkable increase and subse-

quent diminution of relative angular motion. Thus, in the

year 1783 the apparent angular motion hardly amountecl to

half a degree per annum, while in 1830 it had increased to

5° in 1834 to 20°, in 1835 to 40°, and about the middle ot

1836 to upwards of 70° per annum, or at the rate of a degree

in five days This is in entire conformity with the prmciples

of Dynamics, which establish a necessary connexion between

the angular velocity and the distance, as well in the apparent

ns in the real orbit of one body revolving about another

under the influence of mutual attraction; the former varynig

inversely as the .quare of the latter, in both orbits, what-
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ever be the cui-ve described and whatever the law of the
attractive force. It fortunately happens that Bradley, in
1718, had noticed and recorded in the margin of one of his
observation books, the apparent dkection of the line of junc-
tion of the two stars, as seen on the meridian in his transit
telescope, viz., parallel to the linejoining two conspicuous' stars
« and 8 of the same constellation, as seen by the naked eye.
This note, rescued from oblivion by the late Professor Kigaud,
has proved of singular service in the verification of the elements
above assigned to the orbit, which represent the whole series
of recorded observations that date up to the end of 1846
(comprising an angular movement of nearly nine-tenths of
a complete circuit), both in angle and distance, with a degree
of exactness fulhj equal to that of observation itself. °No
doubt can, therefore, remain as to the prevalence in this
remote system of the Newtonian law of gravitation.

(845.) The observations of ^ Urste Majoris are equaUy
weU represented by M. Madler's elements (4 c of our table),
thus fully justifying the assumption of the Newtonian law
as that which regulates the motions of their binary systems
And even should it be the case, as M. Madler appears to
consider, that m one instance at least (that of p Ophiuchi)
deviations from elhptic motion, too considerable to arise from
mere error of observation, exist (a position we are by no
means prepared to grant*), we should rather be disposed to
look tor the cause of such deviations in perturbations arisino-
(as Bessel has suggested) from the large or central star itseS
being actually a close and hitherto imrecognized double star
than in any defect of generality in the Newtonian law.

(846.) If the great length of the periods of some of these
bodies be remarkable, the shortness of those of others is
hardly less so. ? Herculis has ah-eady completed two revo-

i A
P pP''''?'=hi belongs to the class of very unequal double stars, the min'nitudes of the individuals being 4 and 7. Such stl-irs present diffi^u esTn^thpexact int-asurement of their angles of position which even yet continue to emharrass the observer, tl,„ugh, owing to later improvements in^he artTexecutin;such measurements, their influence is confined within much narrower iniits h^?n he earl.er h.story of the subject. In simply placing a fine sinHlli e nar.lk^

pt J or 4 .
By placing them between two parallel thick wires such o^^JJn great measure obviated. [Tlie elements bv Schur, in our ta le Ar? H4^'repre.ent w.th the exactness ot observation itself the :vhole ser oVtositLn;and distances observed from 1779 to 186G.]

positions
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lutions since the epoch of its first discovery, exhibiting in its

course the extraordinary spectacle of a sidereal occultation, the

small star having twice been hidden behind or before the

larce one. Corona, ? Cancri, 0 Urs^ and « Centanri have

each performed more than one entire circuit, and 70 Ophiuchi

and 7 Virginis have accomplished by far the larger portion of

one in angular motion. If any doubt, therefore, could remam

as to the reality of their orbitual motions, or any idea ot ex-

plainino- them by mere paraUactic changes, or by any other

hypothesis than the agency of centripetal force, these facts

must suffice for their complete dissipation. We have the

same evidence, indeed, of their rotations about each other,

that we have of those of Uranus and Neptune about the

Bxin- and the correspondence between their calculated and

observed places in such very elongated ellipses, must be

admitted to carry with it proof of the prevalence of the

Newtonian law of gravity in their systems, of the very same

nature and cogency as that of the calculated and observed

places of comets round the central body of our own.

(847 ^ But it is not with the revolutions of bodies of a

planetary or cometary nature round a solar center that we

ire now concerned; it is with that of sun round sun-each

perhaps, at least in some binary systems where the individuals

are very remote and their period of revolution very long,

accompanied with its train of planets and thetr satelhtes

closely shi-ouded from our view by the splendour of then:

respective suns, and crowded into a space bearing hardly

aGreater proportion to the enormous interval which separates

them, than the distances of the satellites of our planets from

heL primaries bear to their distances from the sun itself.

A less distinctly characterized subordination would be m-

compatible with the stability of their systems, and with

r planetaiy nature of their orbits. Unless closely nest ed

under the protecting wing of their immediate superior the™ of their other sun in its perihelion passage round heir

might carry them off, or whirl them into orbi^^^^^^^^^^^

incompatible with the conditions necessary for 0^
existence

of their inhabitants. It must be confessed, that we
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here a strangely wide and novel field for speculative excur-
sions, and one wliicli it is not easy to avoid luxuriating in.

(848.) The discovery of the parallaxes of « Centauri and 61
Cygni, both which are above enumerated among the « conspi-
cuous " double stars of the 6th class (a distmction fully merited
in the case of the former by the brilliancy of both its con-
stituents), enables us to speak with an approach to certainty
as to the absolute dimensions of both their orbits, and thence
to form a probable opinion as to the general scale on which
these astonishing systems are constructed. The distance of
the two stars of 61 Cygni subtends at the earth an angle
which, since the earliest micrometrical measures in 1781, has
varied hardly 1" either way from a mean value 16''-5.

'

0:i
the other hand, the angle of position has altered since the
same epoch by nearly 50°, so that it would appear probable
that the true form of the orbit is not far from circular, its

situation at right angles to the visual line, and its periodic
time probably not short of 500 years. Now, as the as-
certained parallax of this star is 0"-348, which is, therefore,
the angle the radius of the earth's orbit would subtend if
equally remote, it follows that the mean distance between
the stars is to that radius, as 16"-5 : 0"-348, or as 44-54 : 1.

The orbit described by these two stars about each other un-
doubtedly, therefore, greatly exceeds in dnnensions that
described by Neptune about the sun. Moreover, supposing
the period to be five centuries (and the distance being ac-
tually on the increase, it can hardly be less) the generafpro-
positions laid down by Newton* taken in conjunction with
Kepler's third law, enable us to calculate the sum of the
masses of the two stars, which, on these data, we find to be
0-353, the mass of our sun being 1. The sun, therefore, is
neither vastly greater nor vastly less than the stars com-
posing 61 Cygni.

(849.) The data in the case of a Centauri are more un-
certain. Since the year 1822, the distance has been steadily
and pretty rapidly decreasing at an average rate of about half a
second per annum, and that with little change till lately in the

• Principia, 1. i. Prop, 57, .58, 59.
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ancvle of position.* Hence, it follows evidently that the

pl^ie of its orbit passes nearly through the earth, and (the

distance about the middle of 1834 having been 17^0 it

is very probable that either an occultation, like that ob-

served in r Herculis, or a close appulse of the two stars, will

take place about the year 1859. As the observations we

possess afford no sufficient grounds for a satisfactory calcula-

tion of elliptic elements we must be content to assume what,

at all events, they fully justify, viz., that the major semiaxis

must exceed 12", and is very probably considerably greater.

Now this with aparallax of 0"-913 would give for the real value

of the semiaxis 13-15 radii of the earth's orbit, as a minimum.

The real dimensions of their ellipse, therefore, cannot be so

small as the orbit of Saturn ; in all probability exceeds that of

Uranus ; and may possibly be much greater than either.
_

(850 ) The parallel between these two double stars is a

remarkable one. Owing no doubt to their comparative prox-

imity to our system, their apparent proper motions are both

unusually great, and for the same reason probably rather

than owing to unusually large dimensions, their orbits appear

to us under what, for binary double stars, we must call un-

usually large angles. Each consists, moreover of stars, no

very unequal in brightness, and in each both the stars are of

a high yellow approaching to orange colour, the smallei

indivklual, in each case, being also of a deeper tint. What-

ever the diversity, therefore, which may obtain among other

sidereal objects, these would appear to belong to the same

familv or o;enus.t , . ,

(851 ) Many of the double stars exhibit the curious and

bo utlftil phenomenon of contrasted or complementary

colours.! In such instances, the larger star is usually of a

. In tl,. 70 years between Lacaille's ob.crva.ions and 1822. tl.ere exists no

r.cord of any observed angle of ,.os.t.on^
remarkable instances

t Similar '^or^^f;-:^Z.:i^i::r^:''L lu 2nd.nrd ..b.

occur amonf? tbe d""''!^!
ii'";:"^"^ Soc. and in the volnme of Southern

Cth and 9th volumes of y-'^'iyy ; 3-5 ,066, 1907, 2030, 2H6, 224^.

observations ^''•'^"''y
"'"^l- 0 40^5^^^ 4615,4649, 4765, 5003, 5012.

,772, 385.3. 3395, ^^^^

'/J^^',, i^'^fh. A. C. No. 4923, has its constituents

r>r f lip^ie catalogues. 1 ne nnc win..

' apart the one 6m. yellow, the other 7m. orange.

* .. other suns, perhaps.

With their attendant moons thou wt.t c.cscry.

.1
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ruddy or orange hue, while the smaller one appears blue or

green, probably in virtue of that general law of optics, whicii

pro^ides, that when the retina is under the influence of

excitement by any bright, coloured light ; feebler lights,

which seen alone would produce no sensation but of wliite-

ness, shall for the time appear coloured with the tint com-

plementary to that of the brighter. Thus a yellow colour

predominating in the light of the brighter star, that of the

less bright one in the same field of view will appear blue
;

\vhile, if the tint of the brighter star verge to crimson^ that

of the other will exhibit a tendency to green— or even

appear as a vivid green, under favourable circumstances.

The former contrast is beautifully exhibited by < Cancri—
the latter by y Andromeda*, both fine double stars. If,

however, the coloured star be much the less bright of the

two, it will not materially alFect the other. Thus, for inr

stance, t? Cassiopeife exhibits the beautiful combination of

a large white star, and a small one of a rich ruddy purj^le.

It is by no means, however, intended to say, that in all such

eases one of the colours is a mere effect of contrast, and it

may be easier suggested in words, than conceived in imagi-

nation, what variety of illumination tioo suns— a red and a

green, or a yellow and a blue one— must aftbrd a planet

circulating about either ; and what charming contrasts and

grateful vicissitudes,"— a red and a green day, for instance,

alternating with a white one and with darkness,— might
arise from the presence or absence of one or other, or both,

above the horizon. Insulated stars of a red colour, almost

as deep as that of blood f, occur in many parts of the heaven^

Communicating male and female light,

(Which two great sexes animate the world,)

Stored in each orb, perhaps, with some that live."

Faradine Lost, viii. ] 48,

• The small star of 7 Andromeda; is close double. Both its individuals are
green: a similar combination, witli even more decided colours, is presented by
the double star, h. 881.

t Tile following are the R. ascensions and N. P. distance^ for 1830, of some
of the most remarkable of these sanguine or ruby stars ;—
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but no green or blue star (of any decided hue) has, we believe,

ever been noticed unassoclated with a companion brighter

than itself. Many of the red stars are variable.

(852.) Another very interesting subject of inquiry, in the

physical history of the stars, is their proper motion. It was

first noticed by Halley, that three principal stars, Sirius,

Arcturus, and Aldebaran, are placed by Ptolomy, on the

strength of observations made by Hipparchus, 130 years B.C.,

in latitudes respectively 20', 22', and 33' more northerly than

he actually found them in 1717.* Making due allowance for

the diminution of obliquity of the ecliptic in the interval

(1847 years) they ought to have stood, if really fixed, re-

spectively 10', 14', and 0' more southerly. As the circum-

stances of the statement exclude the supposition of error of

transcription in the MSS., we are necessitated to admit a

southward motion in latitude in these stars to the very con-

siderable extent, respectively, of 37', 42', and 33', and this is

corroborated by an observation of Aldebaran at Athens, in

the year A.D. 509, which star, on the 11th of March in that

year, was seen immediately after its emergence from occul-

tation by the moon, in such a position as it could not have

had if the occupation were not nearly central. Now, from the

knowledge we have of the lunar motions, this could not have

been the case had Aldebaran at that time so much southern

latitude as at present. A priori, it might be expected that

apparent motions of some kind or other should be detected

among so great a multitude of individuals scattered through

epace,°and with nothing to keep them fixed. Their mutual

attractions even, however inconceivably enfeebled by dis-

tance, and counteracted by opposing attractions from op-

posite quarters, must in the lapse of countless ages produce

R. A. N. P. D.

h. m. s.
o / /'

R. A. N. P. D.

h. m. s. ° '
"

10 52 10 107 24 40

12 37 31 148 4.5 47

16 29 44 122 2 0

20 7 8 111 50 n
21 15 36 48 22 40

R. A. N. P. D.
o I It

h. m. s.

21 37 If

21 37 2(

21 15 37 48 8 12

21 37 18 31 59 47

21 37 20 52 54 474 40 53 61 46 21

4 51 51 105 2 4

5 38 29 136 32 15

9 27 56 152 2 48

9 48 31 130 47 12

Of the'e No 6 (in order of right nscension) is in the same field of view with

a Hydr^E et Crateris, and No. 7. with P Crucis. No. 2. (in the same order) is

variable.
• Phil. Trans. 1717, vol. xxx. fo. 736.
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some movements— some change of internal arrangement
— resulting from the difference of the opposing actions.

And it is a fact, that such apparent motions are really proved
to exist by the exact observations of modern astronomy.
Thus, as we have seen, the two stars of 61 Cygni have
remained constantly at the same, or very nearly the same,
distance, of 15", for at least fifty years past, although
they have shifted their local situation in the heavens, in

this interval of time, through no less than 4' 23", the
annual proper motion of each star being 5"-3; by which
quantity (exceeding a third of their interval) this system is

every year carried bodily along in some unknown path, by
a motion which, for many centuries, must be regarded as
uniform and rectilinear. Among stars not double, and no
way differing from the rest in any other obvious particular,

£ Indi *, Groomb. 1830, and /i Cassiopeise are to be remarked
as having the greatest proper motions of any yet ascertained,
amounting respectively to 7"-74, 7"-75 and 3"-74 of annual
displacement. And a great many others have been observed
to be thus constantly carried away from their places by
smaller, but not less unequivocal motions.f

(853.) Motions which require whole centuries to accumu-
late before they produce changes of arrangement, such as

the naked eye can detect, though quite sufficient to destroy that
idea of mathematical fixity which precludes speculation, are
yet too trifling, as far as practical applications go, to induce
a change of language, and lead us to speak of the stars in
common parlance as otherwise than fixed. Small as they
are, however, astronomers, once assured of their reality, have
not been wanting in attempts to explain and reduce them
to general laws. No one, who reflects with due attention
on the subject, will be inclined to deny the high probability,
nay certainty, that the sun as well as the stars must have a
proper motion in some direction ; and the inevitable conse-
quence of such a motion, if unparticipated by the rest, must
* D'Arrest Astr. Nachr., No. 618.; Argelander, Do. ^o. 475.
t The reader may consult "a list of .-514 stars having, or supposed to have

a proper motion of not less than about 0"-5 of a great circle " {per annum') by
the late F. Baily, Esq. Trans. Ast. Soc. v. p. 158.

'
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be a slow average apparent tendency of all the stars to th«

vanishing point of lines parallel to that direction, and to the

region which he is leaving, however greatly individual stars

mfght differ from such average by reason of. their own pecu-

liar proper motion. This is the necessary effect of perspec-

tive ; and it is certain that it must be detected by observa-

tion, if we knew accurately the apparent proper motions of

all the stars, and if we were sure that they were independent,

i.e. that the whole firmament, or at least all that part which

we see in our own neighbourhood, were not drifting along

together, by a general set as it were, in one direction, the

result of unknown processes and slow internal changes going

on in the sidereal stratum to which our system belongs, as we

see motes sailing in a current of air, and keeping nearly the

same relative situation with respect to one another.

(854.) It was on this assumption, tacitly made indeed,

but necessarily implied in every step of his reasoning, that

Sir William Herschel, in 1783, on a consideration of the

apparent proper motions of such stars as could at that period

be considered as tolerably (though still imperfectly) ascer-

tained, arrived at the conclusion that a relative motion of the

sun, among the fixed stars in the direction of a point or

parallactic apex, situated near \ Herculis, that is to say, in

KA. 17^ 22-=260° 34', N.P.D. 63° 43' (1790), would

account for the chief observed apparent motions, leaving,

however, some stlU outstanding and not explicable by this

cause ; and in the same year Prevost, taking nearly the same

view of the subject, arrived at a conclusion as to the solar

apex (or point of the sphere towards which the sun relatively

advances), agreeing nearly in polar distance with the fore-

ooino-, but differing from it about 27° in right ascension.

Since that time methods of calculation have been improved

^nd concinnated, our knowledge of the proper motions of

the stars has been rendered more precise, and a greater

number of cases of such motions have been recorded. The

subiect has been resumed by several eminent astronomers

and mathematicians: viz. 1st, by M. Argelander, who, from

the consideration of the proper motions of 21 stai-s exceeding
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I" per annum in arc, has placed the solar apex in E. A.
256° 25', N.P.D. 51° 23'; from those of 50 stars between
0"-5 and l"-0, in 255° 10', 51° 26'; and from those of 319
stars having motions between 0"-l and 0"'5 per annum, in

26P 11', 59° 2'
: 2ndly, by M. Luhndahl, whose calculatio'ns,

founded on the proper motions of 147 stars, give 252° 53',

75° 34'
: and 3rdly, by M. Otto Struve, whose result 261° 22',

62° 24', emerges from a very elaborate discussion of the
proper motions of 392 stars. All these places are for a.d
1790.

(855.) The most probable mean of the results obtained by
these three astronomers, is (for the same epoch) R. A. = 259°
9', N. P. D. 55° 23'. Their researches, however, extendino-
only to stars visible in European observatories, it became a
point of high interest to ascertain how far the stars of the
southern hemisphere not so visible, treated independently
on the same system of procedure, would corroborate or con-
trovert their conclusion. The observations of Lacaille, at the
Cape of Good Hope, in 1751 and 1752, compared with those
of Mr. Johnson at St. Helena, in 1829-33, and of Henderson
at the Cape in 1830 and 1831, have afforded the means of
deciding this question. The task has been executed in
a masterly manner by Mr. Galloway, in a paper published
in the Philosophical Transactions for 1841 (to which we
may also refer the reader for a more particular account of
the history of the subject than our limits allow us to give).
On comparing the records, Mr. Galloway finds eighty-one
southern stars not employed in the previous investiga-
tions above referred to, whose proper motions in the inter-
vals elapsed appear considerable enough to assure us that
they have not originated in error of the earlier observa-
tions. Subjecting these to the same process of computation
he concludes for the place of the solar apex, for 1790, as
follows: viz. R.A. 260° 1', N.P.D. 55° 37', a result so
nearly identical with that afforded by the northern hemi-
sphere, as to afford a full conviction of its near approach to
truth, and what may fairly be considered a demonstration of
the physical cause assigned.

s s . ,
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(856.) Of the mathematical conduct of this inquiry the

nature of this work precludes our giving any account
;
but

as the philosophical principle on which it is based has been

misconceiYcd, it is necessary to say a few words m explana-

tion of it. Almost all the greatest discoveries m astronomy

have resulted from the consideration of what we have else-

where termed kesidual PHiENOMENA*, of a quantitative or

numerical kind, that is to say, of such portions of the nume-

rical or quantitative results of observation as remain out-

standing and unaccounted for after subducting and aUowmg

for all that would result from the strict application of known

principles. It was thus that the grand discovery of the

precession of the equinoxes resulted as a residual phenome-

non from the imperfect explanation of the return of the

seasons by the return of the sun to the same apparent place

amono- the fixed stars. Thus, also, aberration and nutation

resulted as residual phisnomena from that portion of the

chano-es of the apparent places of the fixed stars which was

left unaccounted for by precession. And thus again the

avvarent proper motions of the stars are the observed resrduc.

of their apparent movements outstanding and unaccounted

for by strict calculation of the effects of precession, nutation,

and aberration. The nearest approach which human theories

can make to perfection is to diminisli this residue, this ca^ut

moTtunm of observation, as it may be considered, as much as

practicable, and, if possible, to reduce it to nothmg, either

by showing that something has been neglected in our estima-

tion of known causes, or by reasoning upon it as a new fact,

and on the principle of the inductive philosophy ascending

from the effect to its cause or causes. On the suggestion of

any new cause hitherto unresorted to for its explanation, our

firit object must of course be to decide whether such a cause

would produce .«c/. a result in kind: tli^ next, to assign o

it such an intensity as shall account for the greatest possible

amount of the residual matter in hand. The proper motion

of the sun being suggested as such a cause, we have two

• Discourse on the Study of Natural Philosophy. (1833.) Ca6. CycIop.<iia,

No. H.
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things disposable-its direction and velocity, both which it
IS evident if they ever became known to us at aU, can only
be so by the consideration of the very ph^enomenon in ques-
tion. Our object, of course, is to account, if possible, for
the lohole of the observed proper motions by the proper
assumption of these elements. If this be impracticable, what
remains unaccounted for is a residue of a more recondite
kind, but which, so long as it is unaccounted for, we must
regard as purely casual, seeing that, for anything we cau
perceive to the contrary, it might with equal probability be
one way as the other. The theory of chances, therefore
necessitates (as it does in all such cases) the application of
a general mathematical process, known as "the method of
least squares," which leads, as a matter of strict geometrical
cone usion, to the values of the elements sought, M, under
all the circumstances, are the most probable.

(857.) This is the process resorted to by aU the geometerswe have enumerated in the foregoing articles (art. 854,855)
It gives not only the direction in space, but also the velocity
of the solar motion, estimated on a scale conformable to thatm which the velocity of the sidereal motions to be explained
are given; z m seconds of arc as subtended at the average
distance of the stars concerned, by its annual motion in spa "eBut here a consideration occurs which tends material y tocomphcate the problem, and to introduce into its solution andement depending on suppositions more or less arbitraryThe distance of the stars being, except in two or three in-
stances, unknown, we are compeUed either to restrict ourinquiry to these, which are too few to ground any result onor to make some supposition as to the relative distances ofthe several stars employed. In this we have nothin. butgenera probabihty to guide us, and two courses only n?esenlthemselves, either, 1st, To class the distances of the st.r!accorclmg to their magnitudes, or apparent brightnesses oml
0 mstitute separate and independent calculations Ce,

'

rid!: To^f - --lyor, 2dIy, To class them according to the observed amounof their apparent proper motions, on the presumption that
S S 2
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those which appear to move fastest are really nearest to us.

The former is the course pursued by M. Otto Struve, the

latter by M. Argelander. With regard to this latter prmciple

of classification, however, two considerations mterfere with

its applicability, viz. 1st, that we see the ..aZ mot.on of the

stars foreshortened by the effect of perspective ;
and 2dly, that

that portion of the total apparent proper motion which arises

from the real motion of the sun depends, not simply on the

•absolute distance of the star from the sun, but also on it^

anc^ular apparent distance from the solar apex, being ccetens

;:nl>ns, as'the sine of that angle. To execute such a clas-

sification correctly, therefore, we ought to ^now bo h hese

particulars for each star. The first is evidently out of our

reach. We are therefore, for that very reason, compelled to

r gard it as casual, and to assume that on the average of a

gr^at number of stars it would be uninfluential on the^esuU

But the second cannot be so summarily disposed of. By the

aid of an approximate knowledge of the solar apex, it is true

appr ximaJe values may be found of tl^e simply apparent

portions of the proper motions, supposing aU the sta . equi-

distant and these being subducted from the total observed

^Sns, the residues might afford ^^^^^^^f:^
i. ,.estion.* This,

^^^-^X^:^^^^^^^tain extent precarious system ot piooeaui.,

hand, the classification by apparent bnghtness .s open to no

such difficnlties, since we are Mly justified - '

on a general average, the brighter stars are

that the exceptions to this rule are casual n that sense

*e word whii it always bears in such inqu.ncs, expressing

olely our ig-™ce of any ground for assuming a h.as one

wt- o°o*e° on either side of a determinate numencal rule.

7n Mr Galloway's discussion of the southern stai-s the con-

ide^aUon of lisLce is waived altogether, which is equivalen

to an Xission of complete ignorance on this point, as well

con.ide>.tio... o„ ihc sole
"J "^^ll I U the more ..tl.f.etor, U.» to
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as respecting the real directions and velocities of the indi-

vidual motions.

(858.) The velocity of the solar motion which results from
M. Otto Struve's calculations is such as would carry it over
an angular subtense of 0"'^392 if seen at right angles from
the average distance of a star of the first magnitude. If we
take, with M. Struve, senior, the parallax of such a star as

probably equal to 0"-209*, we shall at once be enabled to

compare this annual motion with the radius of the earth's

orbit, the result being 1-623 of such units. The sun then
advances through space (relatively, at least, among the stars),

carrying with it the whole planetary and cometary system
with a velocity of 1-62S radii of the earth's orbit f, or

154,185,000 miles per annum, or 422,000 miles (that is to

say, nearly its own semi-diameter) /le?- diem: in other words,
with a velocity a very little greater than one-fourth of the
earth's annual motion in its orbit.

(859.) Another generation of astronomers, perhaps many,
must pass away before we are in a condition to decide from
a more precise and extensive knowledge of the proper motions
of the stars than we at present possess, how far the direction
and velocity above assigned to the solar motion deviates from
exactness, whether it continue uniform, and wliether it show
any sign of deflection from rectilinearity ; so as to hold out
a prospect of one day being enabled to trace out an arc of
the solar orbit, and to indicate the direction in which the
preponderant gravitation of the sidereal firmament is urging
the central body of our system. An analogy for such devia-
tion from uniformity would seem to present itself in the
alleged existence of a similar deviation in the proper motions
of Sirius and Procyon, both which stars are considered to
have varied sensibly in this respect within the limits of au-
thentic and dependable observation. Such, indeed, would
appear to be the amount of evidence for this as a matter of
fact as to have given rise to a speculation on the probable
circulation of these stars round opaque (and therefore in-

• Etudes d'Astronomie Stellaire, p. 107.

t Mr. Airy (Mem. Ast. Soc. xxviii) makes this velocity materially greater
See, however. Note (L).

J t> •
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visible) bodies at no great distances from them respectively, in

the manner of binary stars : [and it has been recently shown

by M. Peters (Ast. Nachr. 748.) that, in the ease of Sirius,

such a circulation, performed in a period of 50-093 years

in an ellipse whose excentricity is 0-7994, the perihehon

passage taking place at the epoch A. D. 1791-431, would

reconcile the observed anomalies, and reduce the residual

motion to uniformity. See Note J

.

(860.) The whole of the reasoning upon which the deter-

mination of the solar motion in space rests, is based upon the

entire exclusion of any laio either derived from observation

or assumed in theory, alfecting the amount and direction of

the real motions both of the sun and stars. It supposes an

absolute non-recognition, in those motions, of any general

directive cause, such as, for example, a common circulation

:of all about a common center. Any such limitation intro-

duced into the conditions of the problem of the solar motion

would alter in toto both its nature and the form of its solution.

Suppose for instance that, conformably to the speculations of

several astronomers, the whole system of the Milky Way,

including our sun, and the stars, oiu- more immediate neigh-

bours, which constitute our sidereal firmament, should have a

general movement of rotation In the plane of the galactic circle

(any other would be exceedingly improbable. Indeed hardly

reconcilable with dynamical principles), being held together m

opposition to the centrifugal force thus generated by the mutual

gravitation of its constituent stars. Except we at the same

time admitted that the scale on which this movement pro-

ceeds is so enormous that aU the stars whose proper motions

we include In our calculations go together in a body, so far

as that movement is concerned (as forming too small an in-

teo-rant portion of the whole to diifer sensibly in their re-

lation to its central point) ; we stand precluded from drawing

any conclusion whatever, not only respecting the absolute

motion of the sun, but respecting even its relative movement

amono- those stars, until we have established some law, or at

all events framed some hypothesis having the provisional force

of a law, connecting the whole, or a part of the motion of

each individual with its situation in space.
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(861.) Speculations of this kind have not been wanting
in astronomy, and recently an attempt has been made by
M. Madler to assign the local center in space, round which
the sun and stars revolve, which he places in the group of the
Pleiades, a situation in itself utterly improbable, lying as it

does no less than 26° out of the plane of the galactic
cb-cle, out of which plane it is almost inconceivable that any
general circulation can take place. In the present defective
state of our knowledge respecting the proper motion of the
smaller stars, especially in right ascension, (an element for the
most part far less exactly ascertainable than the polar dis-
tance, or at least which has been hitherto far less accurately
ascertained,) we cannot but regard all attempts of the kind
as to a certain extent premature, though by no means to be
discouraged as forerunners of something more decisive. The
question, as a matter of fact, whether a rotation of the
galaxy in its own plane exist or not might be at once re-
solved by the assiduous observation both in E. A. and polar
distance of a considerable number of stars of the Milky Way,
judiciously selected for the purpose, and including all mag-
nitudes, down to the smallest distinctly identifiable, and
capable of being observed with normal accuracy: and we
would recommend the inquiry to the special attention of
directors of permanent observatories, provided with adequate
mstrumental means, in both hemispheres. Thirty or forty
years of observation perseveringly directed to the object in
view, could not fail to settle the question.*

_
(862.) The solar motion through space, if real and not

simply relative, must give rise to uranographical corrections
analogous to parallax and aberration. The solar or systematic
parallax is no other than that part of the proper motion of
each star which is simply apparent, arising from the sun's
motion, and until the distances of the stars be known, must

• tu"^"
examination of the proper motions of the stars of the B. Assoc Cataljn the portion of the Milky Way nearest either pole (where the mot "n sho .Tribe almost wholly in R A) indicates no distinct symptL ot'L.ch a rotat^n

^

he question be taken up fundnmcntally. it will Involve a redeterminat o "from
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remain inextricably mixed up with the other or rei.l portion.

The systematic aberration, amounting at its maximum (for

stars 90° from the solar apex) to about 5" displaces all the

stars in great circles diverging from that apex through angles

proportional to the sines of their respective distances from it.

This displacement, however, is permanent, and therefore

uncognizable by any phenomenon, so long as the solar motion

remains invariable ; but should it, in the course of ages

alter its direction and velocity, both the direction and amount

of the displacement in question would alter with it Ihe

chanc^e, however, would become mixed up with other changes

in the apparent proper motions of the stars, and it would

seem hopeless to attempt disentangling them.
_

(863 A singular, and at first sight paradoxica effect of

the progressive movement of light, combined with the proper

Lion°of the stars, is, that it alters the apparent periodic

Ze in which the individuals of a binary star circulate about

each other.* To make this apparent, suppose them to cir-

cu ate round each other in a plane perpendicular to the

W ray in a period of 10,000 days. Then if both the sun

Ind the center of gravity of the binary system remamed fixed

parent situation of the stars would

;^e exactly restored to its former state after the lapse of^s

interval, and if the angle of position were 0 at fiist, after

10 000 days it would again be so. But now suppose that

iU,uuu uays n
receding

the center of gravity ot the star weie
^

in a direct line from the sun with a velocity of one tenth

part of the radius of the earth's orbit per diem. Then at the

expiration of 10,000 days it would be more remote from us

TyToOO such radii, a space which light would require 5-7 days

to traverse. Although really, therefore, the stars would

have arr ved at the position 0° at the exact expiration of

have arrivtju i
_ ^ notice

10,000 days, it

-"f^^^'^^^^l^ ''^o hTr word. the period

of tbat fact to reach our sys em^
^^^^ ^^^^

Id o be or,lted when to .s a, observer,

:br::5nS of pos^onL restored. A center,
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CHAPTER XVIL

OF CLUSTERS OP STARS AND NEBULA.

OF CLUSTERING GROUPS OF STARS.~GLOBULAR CLUSTERS. - THEIR
STABU,ITY DTNAinCALLT POSSIBLE.— LIST OF THE MOST REMARK-
ABLE CLASSIFICATION OF NEBULA Am> CLUSTERS. — THEIR
DISTRIBUTION OVER THE HEAVENS.— IRREGULAR CLUSTERS —
RESOLVABILITT OP NEBULA.— THEORT OP THE FORMATION OP
CLUSTERS BY NEBULOUS SUBSffiENCE. - OP ELLIPTIC NEBULA—THAT OP ANDROMEDA.— ANNULAR AND PLANETARY NEBULA
-DOUBLE NEBUL^._NEBULOUS STARS—CONNEXION OF NEBULA
WITH DOUBLE STARS.- INSULATED NEBULA OP FORMS NOTWHOLLY IRREGULAR OF AMORPHOUS NEBULiE THEIR LAW
OP DISTRIBUTION MARKS THEM AS OUTLIERS OP THE GALAXY— NEBULiE, AND NEBULOUS GROUP OF ORION— OP ARGO— OP
SAGITTARIUS -OP CYGNUS.- THE MAGELLANIC CLOUDS.- SIN-GULAR NEBULA IN THE GREATER OP THEM.-VARIABLE NE-
BULiE.-THE ZODIACAL LIGHT.-SHOOTING STARS.-SPECULA-
TIONS ON THE DYNAMICAL ORIGIN OP THE SUN's HEAT.

(864.) When we cast our eyes over the concave of the
heavens in a clear night, we do not fail to observe that here
and there are groups of stars which seem to be compressed
together m a more condensed manner than in the neicrhbour-
ing parts, forming bright patches and clusters, which'attract
attention, as if they were there brought together by some
general cause other than casual distribution. There is agroup called the Pleiades, in which six or seven stars may be
noticed, if the eye be directed full upon it; and many more
If the e^e be turned carelessly aside, while the attention is keot
directed* upon the group. Telescopes show fifty or sixty

«n*c-n 'I Vt7 /^'"'"'^"ble fact, that the center of the visual arei k f.r 1

Frte'ont raXTl?IhtLt^tt" ?\ P°"- "oTth^ ^t^
extends, previous to trial Tn llT .

' * f
'=°'"P''^''tiva insensibility

full at a'^^tar of the £ „a;nitude 'nH )

'
^

''""^7 ""^-^'^'y
bright, and about 3° o 4° arrf nnH L I f ^f'"

° ' °/ ^^^^ose two. equally
is, he will see onl, the oL ^ TCtl ^} 1 "'It

°^ P^ol^ability

which we are impressed by a genS.1 view ^.f M? h T'-
""'''^ '''''' '

cotne to count them. ^ g™"^! view of the heavens; their paucity when we
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lara-e stars thus crowded together in a very moderate space,

comparatively insulated from the rest of the heavens. The

constellation called Coma Berenices is another such group,

more diffused, and consisting on the whole of larger stars.

(865.) In the constellation Cancer, there is a somewhat

similar, but less definite, luminous spot, called Pnesepe, or

the bee-hive, which a very moderate telescope,- an ordmary

nio-ht-crlass for instance,—resolves entirely mto stars, in

the sword-handle of Perseus, also, is another such spot,

crowded with stars, which requires rather abetter telescope to

resolve into individuals separated from each other. These

are called clusters of stars ; and, whatever be their nature, it

is certain that other laws of aggregation subsistm these spots,

than those which have determined the scattering of stars over

the general surface of the sky. This conclusion is still more

strongly pressed upon us, when we come to bring very

powerful telescopes to bear on these and similar spots. There

ire a great number of objects which have been mistaken for

comets, and, in fact, have very much the appearance of comets

without tails : small round, or oval nebulous specks which

telescopes of moderate power only show as such. Messier

has given, in the Connois. des Temps for 1784, a list of the

places of 103 objects of this sort ; which all those who search

for comets ought to be familiar with, to avoid being misled

by their similarity of appearance. That they are not, however,

comets, their fixity sufficiently proves; and when we come

to examine them with instruments of great power, -such as

reflectors of eighteen inches, two feet, or more m
^Vf^"^^^-

any such idea is completely destroyed. They are then, for

Zmost part, perceived to consist entirely of stars crowded

to'eTher so as I occupy almost a definite outline, and to run

,m to a blaze of light in the centre, where their condensation

Ts^usually t^^^ greatest. (See/,. 1. ph H. wliich represents

(soTewhat rudely) the thirteenth nebula o Messier's is

described by him as nibuleuse sans kodes), as seen i a

Sector of 18 inches aperture and 20 feet focal lengtli.)

Many of them, indeed, are of an exactly -nd gure^ and

eonvly the complete idea of a globular space fiUed full of
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Etars, insulated in the heavens, and constituting in itself a
family or society apart from the rest, and subject only to its

own internal laws. It would be a vain task to attempt to
count the stars in one of these globular clusters. They
are not to be reckoned by hundreds ; and on a rough cal-

culation, grounded on the apparent intervals between them
at the borders, and the angular diameter of the whole group,
it would appear that many clusters of this description must
contam, at least, five thousand stars, compacted and wedged
together in a round space, whose angular diameter does not
exceed eight or ten minutes ; that is to say, in an area not
more than a tenth part of that covered by the moon.

(866.) Perhaps it may be thought to savour of the gigan-
tesque to look upon the individuals of such a group as suns
like our own, and their mutual distances as equal to those
which separate our sun from the nearest fixed star: yet,
when we consider that their united lustre affects the eye with
a less impression of light than a star of the fourth magnitude,
(for the largest of these clusters is barely visible to the naked
eye,) the idea we are thus compelled to form of their distance
from us may prepare us for almost any estimate of their
dimensions. At all events, we can hardly look upon a group
thus insulated, thus in seipso totus, teres, atque rotundus, as
not forming a system of a peculiar and definite character.
Their round figure clearly indicates the existence of some
general bond of union in the nature of an attractive force;
and, in many of them, there is an evident acceleration in
the rate of condensation as we approach the center, which
is not referable to a merely uniform distribution of equidistant
stars through a globular space, but marks an intrinsic density
m their state of aggregation, greater in the center than at
the surface of the mass. It is difficult to form any concep-
tion of the dynamical state of such a system. On the one
hand, without a rotatory motion and a. centrifugal force, it is
hardly possible not to regard them as in a state of progressive
colla])8e. On the other, granting such a motion and such :i

force, we find it no less difficult to reconcile the apparea't
sphericity of tiicir form with a rotation of the whole system
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round any single axis, without which internal collisions might

at first sight appear to be inevitable. If we suppose a

globular space filled with equal stars, uniformly dispersed

through it, and very numerous, each of them attracting

every other with a force inversely as the square of the

distance, the resultant force by which any one of them (those

at the surface alone excepted) will be urged, in virtue of

their joint attractions, will be directed towards the common

center of the sphere, and will be directly as the distance

therefrom. This follows from what Newton has proved of

the internal attraction of a homogeneous sphere. (See also

note on Art. 735.) Now, under such a law of force, each

particular star would describe a perfect eUipse about the

common center of gravity as its center, and that, in whatever

plane and whatever direction it might revolve. The con-

dition, therefore, of a rotation of the cluster, as a mass, about

a single axis would be unnecessary. Each ellipse, whatever

mio-ht be the proportion of its axis, or the inclination of its

plane to the others, would be invariable in every particular,

and all would be described in one common period, so that at

the end of every such period, or annus magnus of the system,

every star of the cluster (except the superficial ones) would

be exactly re-established in its orig-inal position, thence to set

out afresh, and run the same unvarying round for an in-

definite succession of ages. Supposing their motions, there-

fore, to be so adjusted at any one moment as that the orbits

should not intersect each other, and so that the magnitude of

each star, and the sphere of its more intense attraction, should

bear but a small proportion to the distance separating the

individuals, such a system, it is obvious, might subsist, and

realize in great measure, that abstract and ideal harmony,

which 'Newton, in the 89th Proposition of the First Book

of the Principia, has shown to characterize a law of force

directly as the distance.*

(867.) The following are the places, for 1830, of the

principal of these remarkable objects, as specimens o£ theu:

class :
—

• See also Quartmly Review, No. 94. p. 540.
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R. A. N. P. D. R. A. N. P. D. R. A. N. P. D.

h. m. s.
o / h. m. s.

o / h. m. s.

0 16 25 163 2 15 9 56 87 16 17 26 51 143 34
9 8 33 154 10 15 34 56 127 13 17 28 42 93 8

12 47 41 159 57 16 6 55 112 33 U 26 4 114 2
13 4 30 70 55 16 23 2 102 40 18 55 49 150 14
13 16 38 136 35 16 35 37 53 13 21 21 43 78 34
13 34 10 60 46 16 50 24 119 51 21 24 40 91 34

Of these, by far the most conspicuous and remarkable is

0} Centauri the fifth of the list in order of Eight Ascension.
It is visible to the naked eye as a dim round cometic object
about equal to a star 4-5 m., though probably if concentered
in a single point, the impression on the eye would be much
greater. Viewed in a powerful telescope it appears as a globe
of fully 20' in diameter, very gradually increasing in brightness
to the center, and composed of innumerable stars of the 13th
and 15th magnitudes (the former probably being two or more
of the latter closely juxtaposed). The 11th in order of the
list (R. A. SS"") is also visible to the naked eye in very
fine nights, between t? and f Herculis, and is a superb object
in a large telescope. Both were discovered by Halley, the
former in 1677, and the latter in 1714.

(868.) It is to Sir William Herschel that we owe the most
complete analysis of the great variety of those objects which
are generally classed under the common head of Nebula, but
which have been separated by him into— 1st. Clusters of
stars, in which the stars are clearly distinguishable

; and these,
again, into globular and irregular clusters ; 2d. Resolvable
nebulae, or such as excite a suspicion that they consist of stars
and which any increase of the optical power of the telescope
may be expected to resolve into distinct stars; 3d. JS'ebula;,

properly so called, in which there is no appearance whatever
of stars; which, again, have been subdivided into subordinate
classes, according to their brightness and size; 4th. Planetary
nebulae; 5th. Stellar nebuljB; and, 6th. Nebulous stars.
The great power of his telescopes disclosed the existence
of an immense number of these objects before unknown, and
showed them to be distributed over the heavens, not by any
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means uniformly, bnt with a marked preference to a certain

district, extending over the northern pole of the
^

galactic

circle, and occupying the constellations Leo, Leo Minor, the

body, tail, and hind legs of Ursa Major, Canes Venatici,

Coma Berenices, the preceding leg of Bootes, and the head,

wings, and shoulder of Virgo. In this region, occupying

about one-eighth of the whole surface of the sphere, one-third

of the entire nebulous contents of the heavens are con-

gregated. On the other hand, they are very sparingly

scattered over the constellations Aries, Taurus, the head and

shoulders of Orion, Auriga, Perseus, Camelopardalus, Draco,

Hercules, the northern part of Serpentarius, the tail of

Serpens, that of Aquila, and the whole of Lyra. The hours

3, 4, 5, and 16, 17, 18, of right ascension in the northern

hemisphere are singularly poor, and, on the other hand, the

hours 10, 11, and 12 (but especially 12), extraordinarily rich

in these objects. In the southern hemisphere a much greater

uniformity of distribution prevails, and with exception of

two very remarkable centers of accumulation, called the

Magellanic clouds (of which more presently), there is no

very decided tendency to their assemblage in any particular

reo'ion.

"(869.) Clusters of stars are either globular, such as we

have already described, or of irregular figure. These latter

are, generally speaking, less rich in stars, and especially less

condensed towards the center. They are also less definite in

outline; so that it is often not easy to say where they

terminate, or whether they are to be

as merely richer parts of the heavens than those around

them. Many, indeed the greater proportion of them, ^are

situated in or close on the borders of the Milky Way.

In some of them the stars are nearly all of a size, in

others extremely different ; and it is no uncommon thing to

find a very red star much brighter than the rest, occupying

a conspicuous situation in them. Sir Wilham Herschel

reo-ards these as globular clusters in a less advanced state of

condensation, conceiving all such groups as approaching, by

their mutual attraction, to the globular figure, and assembhng



EESOLVABLE NEBUL2E. 639

themselves together from all the surrounding region, under
laws of which we have, it is true, no other proof than the
observance of a gradation by which their characters shade
into one another, so that it is impossible to say where
one species ends and the other begins. Among the most
beautiful. objects of this class is that which surrounds the star
X Crucis, set down as a nebula by Lacaille. It occupies an
area of about one 48th part of a square degree, and consists
of about 110 stars from the 7th magnitude downwards, eight
of the more conspicuous of which are coloured with various
shades of red, green, and blue, so as to give to the whole the
appearance of a rich piece of jewellery.

^
(870.) Eesolvable nebulas can, of course, only be con-

sidered as clusters either too remote, or consisting of stars
intrinsically too faint to affect us by their individual light,
unless where two or three happen to be close enough to nTake
a joint impression, and give the idea of a point brighter than
the rest. They are almost universally round or oval— their
loose appendages, and irregularities of form, being as it were
extinguished by the distance, and the only general figure of
the more condensed parts being discernible. It is under the
appearance of objects of this character that aU the greater
globular clusters exhibit themselves in telescopes of insufficient
optical power to show them well; and the conclusion is
obvious, that those which the most powerful can barely render
resolvable, and even those which, with such powers as are
usually applied, show no sign of being composed of stars,
would be completely resolved by a further increase of optical
power. In fact, this probability has almost been converted
into a certainty by the magnificent reflecting telescope con-
structed by Lord Eosse, of six feet in aperture, which has
resolved or rendered resolvable multitudes of nebulte which
had resisted all inferior powers. The sublimity of the spec-
tacle afforded by that instrument of some of the larger globular
and other clusters enumerated in the list given in Art. 867.
is declared by all who have witnessed it to be such as no
words can express.

(871.) Although, therefore, nebulae do exist, which even in
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tbis powerful telescope appear as nebulas, without any sign of

resolution, it may very reasonably be doubted whether there

be really any essential physical distinction between nebulas

and ckisters of stars, at least in the nature of the matter of

which they consist, and whether the distinction between such

nebuljB as are easily resolved, barely resolvable with excellent

telescopes, and altogether irresolvable with the best, be any

thing else than one of degree, arising merely from the ex-

cessive minuteness and multitude of the stars, of which the

latter, as compared with the former, consist. The first

impression which Halley, and other early discoverers of

nebulous objects received from their peculiar aspect, so dif-

ferent from the keen, concentrated light of mere stars, was

that of a phosphorescent vapour (Hke the matter of a comet's

tail) or a gaseous and (so to speak) elementary form of lumi-

nous sidereal matter.* Admitting the existence of such a

medium, dispersed in some cases irregularly through vast

reo-ions in space, in others confined to narrower and more

definite limits. Sir W. Herschel was led to speculate on its

gradual subsidence and condensation by the efi-ect of its own

gravity, into more or less regular spherical or spheroidal

forms, denser (as they must in that case be) towards the

center. Assuming that in the progress of this subsidence

local centers of condensation, subordinate to the general

tendency, would not be wanting, he conceived that in this

way solid nuclei might arise, whose local gravitation still

further condensing, and so absorbing the nebulous matter,

each in its immediate neighbourhood, might ultimately become

stars, and the whole nebula, finally take on the state of a

cluster of stars. Among the multitude of nebulas revealed

by his telescopes, every stage of this process might be con-

sidered as displayed to our eyes, and in every modification of

form to which the general principle might be conceived to

apply The more or less advanced state of a nebula towards

its segregation into discrete stars, and of these stars them-

selves towards a denser state of aggregation round a central

nucleus, would thus be in some sort an indication of age,

• I-Ialley, Phil- Trans., xxix. p. 39a
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Neither is there any variety of asj^ect which nebulje offer,

which stands at all in contradiction to this view. Even
though we should feel ourselves compelled to reject the idea
of a gaseous or vaporous " nebulous matter," it loses little

or none of its force. Subsidence, and the central aggregation
consequent on subsidence, may go on quite as well amono- a
multitude of discrete bodies under the influence of mutual
attraction, and feeble or partially opposing projectile motions,
as among the particles of a gaseous fluid.

(872.) The "nebular hypothesis;' as it has been termed,
and the theory of sidereal aggregation stand, in fact, quite
independent of each other^ the one as a physical conception
of processes which may yet, for aught we know, have
formed part of that mysterious chain of causes and effects
antecedent to the existence of separate self-luminous solid
bodies; the other, as an application of dynamical principles to
cases of a very eomphcated nature no doubt, but in which
the possibility or impossibility, at least, of certain general
results may be determined on perfectly legitimate principles.
Among a crowd of solid bodies of whatever size, animated
by independent and partially opposing impulses, motions
opposite to each other must produce collision, destruction of
velocity, and subsidence or near approach towards the center
of preponderant attraction ; while those which conspire, or
which remain outstanding after such conflicts, must ultimatelv
give rise to circulation of a permanent character. Whatever
we may think of such collisions as events, there is nothino-
in this conception contrary to sound mechanical principles!
It will be recollected that the appearance of central con-
densation among a multitude of separate bodies in motion,
by no means implies permanent proximity to the center in
each; any more than the habitually crowded state of a
market place, to which a large proportion of the inhabitants
of a town must frequently or occasionally resort, imphes the
permanent residence of each individual within its area. It
is a fact that clusters thus centrally crowded do exist, and
therefore the conditions of their existence must be dynamically
possible, a^d in what has been said we may at least perceive

T T
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some glimpses of the manner in which they are so. The

actual intervals between the stars, even in the most crowded

parts of a resolved nebula, to be seen at all by us, must be

enormous. Ages, which to us may well appear indefinite,

may easily be conceived to pass without a single instance of

collision, in the nature of a catastrophe. Such may have

gradually become rarer as the system has emerged from^ Avhat

must be considered its chaotic state, till at length, in the

fulness of time, and under the pre-arranging guidance of that

Design which pervades universal nature, each individual

may have taken up such a course as to annul the possibility

of further destructive interference.

(873.) But to return from the regions of speculation to

the description of facts. Next in regularity of form to the

globular clusters, whose consideration has led us into this

digression, are elliptic nebulsE, more or less elongated. And

of'these it may be generally remarked, as a fact undoubtedly

connected in some very intimate manner with the dynamical

conditions of their subsistence, that such nebula are, for the

most part, beyond comparison more difficult of resolution

than those of globular form. They are of all degrees of

excentricity, from moderately oval forms to ellipses so elon-

gated as to be almost linear, which are, no doubt, edge-views

of very flat ellipsoids. In all of them the density in-

creases towards the centre, and as a general law it may be

remarked that, so far as we can judge from their telescopic

appearance, their internal strata approach more nearly to the

spherical form than their external. Their resolvability, too,

is greater in the central parts, whether owing to a real

superiority of size in the central stars or to the greater

frequency of cases of close juxta-position of individuals, so

that two or three united appear as one. In some the con-

densation is slight and gradual, in others great and sudden

:

so sudden, indeed, as to offer the appearance of a dull and

blotted star, standing in the midst of a faint, nearly equable

elliptic nebulosity, of which two remarkable specimens occur

in K.A. 12*^ 10- 33', N.P.D. 41° 46', and in 13'^ 27- 28%

119° 0' (1830).
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(874.) The largest and finest specimens of ellii)tic nebulie
which the heavens aflPord are that in the girdle of Andromeda
(near the star p of that constellation) and that discovered in

1783, by Miss Carolina Herschel, in E. A. O'^ 39™ 12^, JS.P.D.
116° 13^ The nebula in Andromeda (Plate II. fig. 3.)
is visible to the naked eye, and is continually mistaken for
a comet by those unacquainted with the heavens, Simon
Marius, who noticed it in 1612 (though it appears also to
have been seen and described as oval, in 995), describes its

appearance as that of a candle shining through horn, and the
resemblance is not inapt. Its form, as seen through ordinary
telescopes, is a pretty long oval, increasing by insensible
gradations of brightness, at first very gradually, but at last
more rapidly, up to a central point, which, though very much
brighter than the rest, is decidedly not a star, but nebula
of the same general character with the rest in a state of
extreme condensation. Casual stars are scattered over it,

but with a reflector of 18 inches in diameter, there is nothing
to excite any suspicion of its consisting of stars. Examined
with instruments of superior defining power, however, the
evidence of its resolvability into stars, may be regarded
as decisive. Mr. G. P. Bond, assistant at the observatory
of Cambridge, U. S., describes and figures it as extending
nearly 2^° in length, and upwards of a degree in breadth (sS
as to include two other smaller adjacent nebula), of a form,
generally speaking, oval, but with a considerably protube-
rant irregularity at its north following extremity, very
suddenly condensed at the nucleus almost to the semblance
of a star, and though not itself clearly resolved, yet thickly
sown over with visible minute stars, so numerous as to allow
of 200 being counted within a field of 20' diameter in the
richest parts. But the most remarkable feature in his
description is that of two perfectly straight, narrow, and com-
paratively or totally obscure streaks which run nearly the
whole length of one side of the nebula, and (though slightly
divergent from each other) nearly parallel to its longer
axis. These streaks (which obviously indicate a stratified
structure in the nebula, if, indeed, they do not originate in

T T 2
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the interposition of imperfectly transparent matter between

us and it) are not seen on a general and cursory view of the

nebula; they require attention to distinguish them*, and this

circumstance must be borne in mind when inspecting the very

extraordinary engraving which illustrates Mr. Bond's account.

The figure given in our Plate II. fig. 3., is from a rather

hasty sketch, and makes no pretensions to exactness. A
similar, but much more strongly marked case of parallel

arrangement than that noticed by Mr. Bond in this, is one in

which the two semi-ovals of an elliptically formed nebula

appear cut asunder and separated by a broad obscure band

parallel to the longer axis of the nebula, in the midst of

which a faint streak of light parallel to the sides of the cut

appears, is seen in the southern hemisphere in R. A. IS'^ 15"

3P, N.P.D. 132° 8' (1830). The nebulae in 12>^ 27°^ 3%

63° 5', and 12^^ 31°^ IP, 100° 40' present analogous features.

(875.) Annular nebulEe also exist, but are among the rarest

objects in the heavens. The most conspicuous of this class

is to be fi)und almost exactly half way between ^ and 7 Lyr«,

and may be seen, with a telescope of moderate power. It is

small and particularly well defined, so as to have more the

appearance of a flat oval solid ring than of a nebuk. The axes

of the ellipse are to each other in the proportion of about

4 to 5, and the opening occupies about half or rather more

than half the diameter. The central vacuity is not quite

dark, but is filled in with faint nebula, like a gauze stretched

over a hoop. The powerful telescopes of Lord Rosse resolve

this object into excessively minute stars, and show filaments

of stars adhering to its edges, t

{8^6^ Planetary nebula are very extraordinary ob-

jects. They have, as their name imports, a near, in some

instances, a perfect resemblance to planets, presenting discs

round, or slightly oval, in some quite sharply terminated,

• Tians. American Acad., vol. iii. p. 80.
,o<,„^„„

t The places of some remarkable annular nebulae (for 1830) are,

R.A. N.P.D.

10" le" 36- 107° 48

12 42 52 47 57

17 10 'i9 128 18

R.A. N.P.D.

4. IT" ID" 2" 113° ai'

5. 18 47 13 57 11

G. 20 9 33 59 57
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in others a little hazy or softened at the borders. Their
light is in some perfectly equable, in others mottled and of
a very peculiar texture, as if curdled. They are compara-
tively rare objects, not above four or five and twenty havino-
been hitherto observed, and of these nearly three fourths are
situated in the southern hemisphere. Being very interestino-
objects we subjoin a list of the most remarkable.* Amon°
these may be more particularly specified the sixth in ordei^
situated in the Cross. Its light is about equal to that of a
star of the 6-7 magnitude, its diameter about 12", its disc
cu-cular or very slightly elliptic, and with a clear, sharp, well-
defined outlme, having exactly the appearance of a planet
with the exception only of its colour, which is a fine and full
blue verging somewhat upon green. And it is not a little
remarkable that this phenomenon of a blue colour, which is
so rare among stars (except when in the immediate proxi-
mity of yellow stars) occurs, though less strikingly, in three
other objects of this class, viz. in No. 4, whose colour is sky-
blue, and in Nos. 11 and 12, where the tint, though paler, ia
still evident. Nos. 2, 7, 9, and 12, are also exceedingly
characteristic objects of this class. Nos. 3, 4, and 11 (the
latter in the parallel of v Aquarii, and about's- precedino-
that star), are considerably eUiptic, and (respectively) about
38 , 30 and 15'' m diameter. On the disc of No 3 and
very nearly in the center of the ellipse, is a star Ind
the texture of its light, being velvety, or as if formed of fine
dust, clearly indicates its resolvability into stars. The laro-est
of these objects is No. 5, situated somewhat south of °tlie
paraUel of /3 Ursfe Majoris and about 12^- followincr that
star. Its apparent diameter is 2' 40'', which, sujjpos^ng it

•^Placesfor 1830 of twelve of theM remarkable planetary nebula.

R.A. N.P.D. R.A. N.P.D.

b. m. s. ° '

1. 7 34 2 104 20
2. 9 16 39 147 35
3. 9 59 52 129 36
•1. 10 16 36 107 47

h. m. s. 0 /

5. 11 4 49 34 4
6. 11 41 56 146 14
7. 15 5 18 135 1

8. 19 10 9 83 46

R.A. N.P.D.

h. m. s.

9. 19 34 21
10. 19 40 19
11. 20 54 53
12. 23 17 44

o /

104 33
39 54

102 2
48 24
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placed at a distance from us not more than that of 61

Cygni, would imply a linear one seven times greater than

that of the orbit of Neptune, The light of this stupendous

globe is perfectly equable (except just at the edge, where it is

slightly softened), and of considerable brightness. Such an

appearance would not be presented by a globular space

uniformly filled with stars or luminous matter, which struc-

ture would necessarily give rise to an apparent increase of

brightness towards the center in proportion to the thickness

traversed by the visual ray. We might, therefore, be in-

duced to conclude its real constitution to be either that of a

hollow spherical shell or of a flat disc, presented to us (by a

highly improbable coincidence) in a plane precisely perpen-

dicular to the visual ray.

(877.) Whatever idea we may form of the real nature

of such a body, or of the planetary nebulie in general,

which all agree in the absence of central condensation, it

is evident that the intrinsic splendour of their surfaces, if

continuous, must be almost infinitely less than that of the

sun. A circular portion of the sun's disc, subtending an

angle of 1', would give a light equal to that of 780 full

moons; while among all the objects in question there is not

one which can be seen with the naked eye. M. Arago has

surmised that they may possibly be envelopes shiumg by

reflected light, from a solar body placed in their centei% in-

visible to us by the effect of its excessive distance
;
removmg,

or attempting to remove the apparent paradox of such an

explanation, by the optical principle that an illuminated

surface is equally bright at all distances, and, therefore, if

laro-e enough to subtend a measurable angle, can be equally

well seen, whereas the central body, subtending no such

an<rle has its effect on our sight diminished in the inverse

ratio of the square of its distance.* The immense optical

powers applied by Lord Rosse and Mr. Lassell to the ex-

* with due deference to so high an authority .ve must
• r , „„nn«ln,r the envelope to reflect and scatter (equally ui all direc-
sjon Lve «7P°^'"p\

"^^^^V^^^^^^^ the portion of the lisht so scaUen^d which

S to our' nrc uld not cxce^^d the remaining half which that sun itself

x \ ^ 1 . nd ti m by direct radiation. But this, ca- Injpothesi, is too small

riffLt tlrt tvUh ai; luminous perception, when concentrated in a po.nt.
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amination of these enigmatical objects have hitherto only
added to the mystery which hangs about them, by dis-
closmg caprices of structure in several of them of the most
extraordinary nature.*

(878.) Double nebula occasionally occur— and when such
is the case, the constituents most commonly belong to the
class of spherical nebulae, and are in some instances undoubt-
edly globular clusters. AU the varieties of double stars, in
fact, as to distance, position, and relative brightness, have
their counterparts in double nebulte ; besides which the varie-
ties -of form and gradation of light in the latter afford room
for combinations peculiar to this class of objects. Though
the conclusive evidence of observed relative motion be yet
wanting, and though from the vast scale on which such sys-
tems are constructed, and the probable extreme slowness of
the angular motion, it may continue for ages to be so, yet it
IS impossible, when we cast our eyes upon such objects, or on
the figures which have been given of themt, to doubt their
physical connexion. The argument drawn from the compa-
rative rarity of the objects in proportion to the whole extent
of the heavens, so cogent in the case of the double stars is
infinitely more so in that of the double nebula. Nothino-
more magnificent can be presented to our consideration, than
such combinations. Their stupendous scale, the multitude
of individuals they involve, the perfect symmetry and reo-u-
larity which many of them present, the utter disregard" of
complication in thus heaping together system upon system
and construction upon construction, leave us lost in wonder
and admiration at the evidence they afibrd of infinite power
and unfathomable design.

(879.) Nebulae of regular forms often stand in marked and
symmetrical relation to stars, both single and double. Thus
we are occasionally presented with the beautiful and striking
phaenomenon of a sharp and brilliant star concentrically sui°
rounded by a perfectly circular disc or atmosphere of faint

imuch less then could it do so if spread over a surface many million times exceed.n.^ m angular ar.a the apparent disc of the central sun itself. (Srimu.ai Idu Bureau .ies L.mg.tudes, 1842, p. 409, 410, 411.)
^ Annuaue

Ast. £.'v"l.'fx::i. ''"^ '''' 1S61, and Mem.

t Phil. Trnns. 1833, Plate vii.
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light, in some cases dying away insensibly on all sides, m
others almost suddenly terminated. These are Nebulous Stars.

Fine examples of this kind are the 45th and 69th nebula of

Sir Wm. Herschel's fourth class* (R. A. T'^ 19°^ 8% N. P. D.

68° 45', and 58°^ 36% 59° 40'), in which stars of the

8th magnitude are surrounded by photospheres of the kind

above described respectively of 12" and 25" in diameter.

Among stars of larger magnitudes, 55 AndromedaB and

8 Canum Venaticorum may be named as exhibiting the same

phtenomenon with more brilliancy, but perhaps with less

perfect regularity.

(880.) The connexion of nebulae with double stars is in

many instances extremely remarkable. Thus in R A. 18^^

7™ P, N. P. D. 109° 56', occurs an elliptic nebula having its

longer axis about 50", in which, symmetrically placed, and

rather nearer the vertices than the foci of the ellipse, are the

equal individuals of a double star, each of the 10th magnitude.

In a similar combination noticed by M. Struve (in R. A. 18

25™ IST. P. D. 25° 7'), the stars are unequal and situated pre-

cisely at the two extremities of the major axis. In R. A. 13^

47"" 33« N. P. D. 129° 9', an oval nebula of 2' in diameter has

very nelr its center a close double star, the individuals of

which, slightly unequal, and about the 9-10 magnitude, are

not more than 2" asunder. The nucleus of Messier's 64th

nebula is "strongly suspected" to be a close double star—
and several other instances might be cited.

(881.) Among the nebulte which, though deviating more

from symmetrv of form, are yet not wanting in a certain

reo-ularlty of figure, and which seem clearly entitled to be

regarded as systems of a definite nature, however mysterious

their structure and destination, by far the most remarkable

are the 27th and 51st of Messier's Catalogue.f The former

'

• The classes here referred to are not the species described in Art. 868., but

lists of nebuir eight in number arra„<jed according to br.ghtness size, dens.ty

lists ot nebulffi, e g
of which all nebulae were originally classed l)y

of
'^^"^'^""ff ^Br ght nebuKx ; " II. « Faint do.

;

" I II. " Very faint

5'":.. fv ./pHn
'

rv nebu4. stars with bars, milky chevelures, short rays,

do. ; IV. 1 lanetary _n
^^^^^^^

„ ^^^^ compressed rich

to1' 'viL"'Pr;t\y muA compressed do.;» V 111. « Coarsely scattered

Places for 1830 : R. A. 19" 52« 12% N. P. D. 67° 44', and R. A. 13^ 22-

S9«, N.P.D. 41" "ie'.
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consists of two round or somewhat oval nebulous masses
united by a short neck of nearly the same density. Both this

and the masses graduate off, however, into a fainter nebulous
envelope which completes the figure into an elliptic form, of
which the interior masses with their connexion occupy the
lesser axis. Seen in a reflector of 18 inches in aperture, the
form has considerable regularity ; and though a few stars are
here and there scattered over it, it is unresolved. Lord
Eosse, viewing it with a reflector of double that aperture, de-
scribes and figures it as resolved into numerous stars with
much iutermixed nebula ; while the symmetry of form, by
rendering visible features too faint to be seen with inferior

power, is rendered considerably less strildng, though by no
means obliterated.

(882.) The 51st nebula of Messier, viewed through an 18-
inch reflector, presents the appearance of a large and brio-ht

globular nebula, surrounded by a ring at a considerable dis-

tance from the globe, very unequal in brightness in its differ-

ent parts, and subdivided through about two-fifths of its cir-

cumference as if into two laminae, one of which appears as if

turned up towards the eye out of the plane of the rest. Near
it (at about a radius of the ring distant) is a small bright
round nebula. Viewed through the 6-feet reflector of Lord
Eosse the aspect is much altered. The interior, or what
appeared the upturned portion of the ring, assumes the aspect
of a nebulous coil or convolution tending in a spiral form
towards the center, and a general tendency to a spu'oid
arrangement of the streaks of nebula connecting the rin"- and
central mass which this power brings into view, becomes
apparent, and forms a very striking feature. The outlying
nebula is connected by a narrow nebulous arc with the
ring, and the whole has a resolvable character. (See PI.
VI. fig. 3.) Both Lord Eosse and Mr. Lassell have found
this spiral character, even still more marked, to belong to
many other nebulae : sufiiciently numerous, in fact, to form
a class apart, of which Messier's 99th nebula is a fine
specimen.

(883.) We come now to a class of nebulaj of totally differ-
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ent character. They are of very great extent, utterly devoid

of all symmetry of form,— on the contrary, irregular and

capricious in their shapes and convolutions to a most extra-

ordinary degree, and no less so in the distribution of their

light. No two of them can be said to present any similarity

of figure or aspect, but they have one important character m

common. They are all situated in, or very near, the borders

of the Milky Way. The most remote from it is that in the

sword handle of Orion, which being 20° from the galactic

circle, and 15° from the visible border of theVia Lactea, might

seem to form an exception, though not a striking one. But

this very situation may be adduced as a corroboration of the

general view which this principle of locahzation suggests.

For the place in question is situated in the prolongation of

that faint offset of the Milky "Way which we traced (Art. 787.)

from « and s Persei towards Aldebaran and the Hyades, and

in the zone of Great Stars noticed in Art. 785. as an ap-

pendage of, and probably bearing relation to that stratum.

(884 ) From this it would appear to follow, almost as a matter

of course, that they must be regarded as outlying, very distant,

and as it were detached fragments of the great sti-atum of the

Galaxy, and this view of the subject is strengthened when

we find on mapping down their places that they may all be

grouped in four great masses or nebulous regions,- that ot

Orion, of Argo, of Sagittarius, and of Cygnus. And thus,

inductively, we may gather some information respecting the

structure and form of the Galaxy itself, which, could we view

it as a whole, from a distance such as that which separates us

from these objects, would very probably present itself under

an aspect quite as complicated and irregular.

(885 ) The great nebula surrounding the stars marked ^ 1

in the 'sword handle of Orion was discovered by Huyghens

in 1656 and has been repeatedly figured and described by

astronomers since that time. Its appearance varies greatly

fas that of all nebulous objects does) with the instrumental

power applied, so that it is difficult to recognize m repre-

Ltations made with inferiox- telescopes even princqjd ea-

tures, to say nothing of subordinate details. Until this
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became well understood, it was supposed to have changed
very materially, both in form and extent, during the interval

elapsed since its first discovery. No doubt, however, now
remains that these supposed changes have originated partly
from the cause above-mentioned, partly from the difficulty of
correctly drawing, and, still more, engraving such objects,

and partly from a want of sufficient care in the earlier de-
lineators themselves in faithfully copying that which they
really did see. Our figure (Plate IV., fig, 1.) is reduced
from a larger one made under very favourable circumstances,
from drawings taken with an 18-inch reflector at the Cape
of Good Hope, where its meridian altitude greatly exceeds
what it has at European stations. The area occupied by
this figure is about one 25th part of a square degree, extend-
ing in E. A. (or horizontaUy) 2™ of time, equivalent almost
exactly to 30' in arc, the object being very near the equator,
and 24' vertically, or in polar distance. The figure shows
it reversed in dechBation, the northern side being lower-
most, and the preceding towards the right hand. In form,
the brightest portion off'ers a resemblance to the head and
yawning jaws of some monstrous animal, with a sort of pro-
boscis running out from the snout. Many stars are scattered
over it, which for the most part appear to have no connexion
with it, and the remarkable sextuple star 6 1 Orionis, of
which mention has already been made (Art. 837.), occupies
a most conspicuous situation close to the brightest portion,
at almost the edge of the opening of the jaws. It is re-
markable, however, that within the area of the trapezium no
nebula exists. The general aspect of the less luminous and
cirrous portion is simply nebulous and irresolvable, but the
brighter portion immediately adjacent to the trapezium
forming the square front of the head, is shown with the 18-inch
reflector broken up into masses (very imperfectly represented
in the figure), whose mottled and curdling light evidently
indicates by a sort of granular texture its consisting of stars
and when examined under the great light of Lord Rosse's
reflector, or the exquisite defining power of the great achro-
matic at Cambridge, U. S., is evidently perceived to con-
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Bist of clustering stars. There can therefore be little doubt

as to the whole consisting of stars, too minute to be discerned

individually even with these powerfid aids, but which become

visible as points of light when closely adjacent in the more

crowded parts in the mode already more than once suggested.

(886.) The nebula is not confined to the limits of our

figure. Northward of 6 about 33', and nearly on the same

meridian are two stars marked C 1 and C 2 Orionis, m-

volved in a bright and branching nebula of very singular form,

{ind south of it is the star j Orionis, which is also involved

in strong nebula. Careful examination with powerful tele-

scopes has traced out a continuity of nebulous hght between

the great nebula and both these objects, and there can be

little doubt that the nebulous region extends northwards, as

far as s in the belt of Orion, which is involved in strong

nebulosity, as well as several smaller stars in the immediate

neighbourhood. Professor Bond has given a beautiful figure

of the great nebula in Trans. American Acad, of Arts and

Sciences, new series, vol. ill., and Lord Oxmantown a

superb one in Phil. Tr. 1868.
n i, i.

•

(887.) The remarkable variation in lustre of the bright

star V in ^rgo, has been already mentioned. This star is

situated in the most condensed region of a very extensive

nebula or congeries of nebular masses, streaks and branches,

a portion of which is represented in fig. 2. Plate IV. The

whole nebula is spread over an area of fully a square degree

in extent, of which that included in the figure occupies about

one-fourth, that is to say, 28' in polar distance, and 32' of

arc in R A., the portion not included being, though fainter,

even more capriciously contorted than that here depicted,

in which it should be observed that the preceding side is

towards the right hand, and the southern uppermost. Viewed

with an 18-inch reflector, no part of this strange object shows

anv sicrn of resolution iuto stars, nor in the brightest and

most c'ondensed portion adjacent to the singular oval vacancy

in the middle of the figure is there any of that curdled

appearance, or that tendency to break up into bright knots

with intervening dai-ker portions which characterize the
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nebula of Orion, and indicate its resolvablllty. The whole
18 situated in a very rich and brilliant part of the Milky Way
so thickly strewed with stars (omitted in the figure), that in
the area occupied by the nebula, not less than 1200 have
been actually counted, and their places in E.A. and P D
determined. Yet It is obvious that these have no connexion
whatever with the nebula, being, In fact, only a simple con-
tinuation over it of the general ground of the galaxy, which
on an average of two hours in Eight Ascension In this
period of its course contains no less than 3138 stars to the
square_ degree, all, however, distinct, and (except where the
object in question is situated) seen projected on a perfectly
dark heaven, without any appearance of Intermixed nebulosity.
Ihe conclusion can hardly be avoided, that In lookino-atit
we see through, and beyond the Milky Way, far out Into
space, through a starless region, disconnecting it altogether
from our system. " It is not easy for language to convey a
full impression of the beauty and sublimity of the spectacle
which this nebula offers, as it enters the field of view of a
telescope fixed in Eight Ascension, by the diurnal motion,
ushered in as it is by so glorious and Innumerable a procession
of stars, to which it forms a sort of climax," and in a part of
the heavens otherwise full of Interest. One other brightand very remarkably formed nebula of considerable mag-
nitude precedes it nearly on the same parallel, but withoutany traceable connexion between them.

(888.) The nebulous group of Sagittarius consists of several
conspicuous nebula3 * of very extraordinary forms by nomeans easy to give an idea of by mere description. One ofthem (A, 19911) singularly trifid, consisting of three brioht
and irregulariy formed nebulous masses, graduating a^ay
insensibly externally, but coming up to a great intensity of

complex nebula. -in lA ly^sS^'^'V^^^^^^ g«-t

fig- 3.5
.

in the Author's 'Mlesults of O t ,

^7'^'
Hope," Plates i. iW. 1 and ii fi, , ,

at the Cape of Good
lection of the A^eHcIn Sl's^ ^^r'^''^ xUi.''"""'

'"^
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light at their interior edges, where they enclose and surround

a sort of three-forked rift, or vacant area, abruptly and un-

couthly crooked, and quite void of nebulous light. A beau-

tiful triple star is situated precisely on the edge of one of

these nebulous masses just where the interior vacancy forks

out into two channels. A fourth nebulous mass spreads like

a fan or downy plume from a star at a little distance from the

triple nebula.

(889.) Nearly adjacent to the last described nebula, and

no doubt connected with it, though the connexion has not yet

been traced, is situated the 8th nebula of Messier's Catalogue.

It is a collection of nebulous folds and masses, surrounding

and including a number of oval dark vacancies, and m
one place coming up to so great a degree of brightness, as to

offer the appearance of an elongated nucleus. Superposed

upon this nebula, and extending in one direction beyond its

area, is a fine and rich cluster of scattered stars, which seem

to have no connexion with it, as the nebula does not, as in

the region of Orion, show any tendency to congregate about

the stars.

(890.) The 19th nebula of Messier's Catalogue, though

some degrees remote from the others, evidently belongs to

this group. Its form is very remarkable, consisting of two

loops^like capital Greek Omegas, the one bright, the other ex-

ceedingly faint, connected at their bases by a broad and very

bright°band of nebula, insulated within which by a narrow

comparatively obscure border, stands a bright, resolvable

knot, or what is probably a cluster of exceedingly^ minute

stars. A very faint round nebula stands in connexion with

the upper or convex portion of the brighter loop.

(891.) The nebulous group of Cygnus consists of several

large and irregular nebulte, one of which passes through the

doSble star k Cygni, as a long, crooked, narrow streak, forking

out in two or three places. The others *, observed in the first

instance by Sir W. Herschel and by the author of this work

as separate nebulte, have been traced into connexion by Mr.

Mason, and shown to form part of a curious and intricate

nebulous system, consisting, 1st, of a long, narrow, curved,

• R. A. 20" 49" 20", N.P.p. 58° 27'.
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and forked streak, and 2dly, of a cellular effusion of great
extent, in which the nebula occurs intermixed with, and
adhering to stars around the borders of the cells, while their
interior is free from nebula, and almost so from stars.

(892.) The Magellanic clouds, or the nubeculte (major and
minor), as they are called in the celestial maps and charts, are,
as their name imports, two nebulous or cloudy masses of lio-ht,

conspicuously visible to the naked eye, in the southern hemi-
sphere, in the appearance and brightness of their light not
unlike portions of the Milky Way of the same apparent size.

They are, generally speaking, round, or somewhat oval, and
the larger, which deviates most from the circular form, ex-
hibits the appearance of an axis of light, very ill defined, and
by no means strongly distinguished from the general mass,
which seems to open out at its extremities into somewhat
oval sweeps, constituting the preceding and following portions
of its circumference. A small patch, visibly brighter than
the general light around, in its following part, indicates to
the naked eye the situation of a very remarkable nebula
(No. 30. Doradils of Bode's catologue), of which more here-
after. The greater nubecula is situated between the me-
ridians of 4'' 40°^ and S'^ O"' and the parallels of 156° and 162°
of N. P. D., and occupies an area of about 42 square deo-rees.
The lesser, between the meridians * 0^^ 28™ and 1^ 15™ and
the parallels of 162° and 165° N.P. D., covers about ten square
degrees. Their degree of biightness may be judged of from
the effect of strong moonlight, which totally obltterates the
lesser, but not quite the greater.

(893.) When examined through powerful telescopes, the
constitution of the nubeculse, and especially of the nubecula
major, is found to be of astonishing complexity. The general
ground of both consists of large tracts and patches of nebu-
losity in every stage of resolution, from light, irresolvable
with 18 inches of reflecting aperture, up to perfectly sepa-
rated stars like the Milky Way, and clustering groups suffi-
ciently insulated and condensed to come under the desio-nation
of irregular, and in some cases pretty rich clusters. But be-

• It is laid down nearly an hour wrong in all the celestial charts and globes.
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sides those, there are also nebula In abundance, both regular

and irregular; globular clusters in every state of condensation;

and objects of a nebulous character quite peculiar, and which

have no analogue in any other region of the heavens. Such

is the concentration of these objects, that in the area occupied

by the nubecula major, not fewer than 278 nebulai and

clusters have been enumerated, besides 50 or 60 outliers,

which (considering the general barrenness in such objects of

the immediate neighbourhood) ought certainly to be reckoned

as its appendages, being about 6^ per square degree, which very

far exceeds the average of any other, even the most crowded

parts of the nebulous heavens. In the nubecula minor, the

concentration of such objects is less, though still very striking,

37 having been observed within its area, and 6 adjacent, but

outlyino-.° The nubeculfe, then, combine, each within its own

area, characters which in the rest of the heavens are no less

strikingly separated,—viz., those of the galactic and the nebu-

lar system. Globular clusters (except in one region of small

extent) and nebulae of regular elHptic forms are compara-

tively rare in the Milky Way, and are found congregated m

the o-reatest abundance in a part of the heavens, the most

remote possible from that circle; whereas, in the nubecula,

they are indiscriminately mixed with the general starry

ground, and with irregular though small nebula.

(894.) This combination of characters, rightly considered,

is in a high degree instructive, affording an insight into the

probable ''comparative distance of stars and nebulcp., and the

real brightness of individual stars as compared one with

another
°

Taking the apparent semidiameter of the nubecula

maior at 3°, and regarding its solid form as, roughly speakmg,

spherical, its nearest and most remote parts differ m their

distance from us by a little more than a tenth part of our

distance from its center. The brightness of objects situated

in its nearer portions, therefore, cannot be much exaggerated

nor that of its remoter much enfeebled, by their difference of

distance; yet within this globular space, we have collected

upwards of GOO stars of the 7th, 8th, 9th, and 10th magni-

tudes nearly 300 nebulec, and globular and other clusters,
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of all degrees of resoluhility, and smaller scattered stars innu-
merable af every inferior magnitude, from the 10th to such
as by their multitude and minuteness constitute irresolvable
nebulosity, extending over tracts of many square degrees.
Were there but one such object, it might be maintained with-
out utter improbability that its apparent sphericity is only an
effect of foreshorteaing, and that in reality a much greater pro-
portional difference of distance between its nearer and more
remote parts exists. But such an adjustment, improbable
enough m one case, must be rejected as too much so for fair
argument in two. It must, therefore, be taken as a demon-
strated fact, that stars of the 7th or 8th magnitude and irre-
solvable nebula may co-exist within limits of distance not
diffenng in proportion more than as:9 to 10, a conclusion which
must inspire some degree of caution in admitting, as certain,
many of the consequences which have been rather strono-ly
dwelt upon in the foregoing pages.

(895,) Immediately preceding the center of the nubecula
mmor, and undoubtedly belonging to the same group, occurs
the superb globular cluster, No. 47. Toucani of Bode very
visible to the naked eye, and one of .the finest objects of this
kmd in the heavens. It consists of a ^ery condensed spherical
mass of stars, of a pale rose colour, concentrically enclosed in
a much less condensed globe of white ones, 15' or 20' in
diameter. This is the firstm order of the list of such clusters
in Art. 867.

(896.) Within the nubecula major, as already mentioned
and faintly visible to the naked eye, is the singular nebula
(marked as the star 30 Doradils in Bode's Catalogue) noticed
by Lacaille as resembling the nucleus of a smaH comet. It
occupies about one-500th part of the whole area of the nu-
becula, and is so satisfactorily represented in Plate V., fig. 1.,
as to render further description superfluous. See § (896 a

1'

Note K. 3 \ j>

(897.) We shall conclude this chapter by the mention oftwo phenomena, which seem to indicate the existence ofsome slight degree of nebulosity about the sun itself, and even
to place It in the list of nebulous stars. The first is thatuu
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called the zodiacal light, which may be seen any very clear

evening soon after sunset, about the months of March, April,

and May, or at the opposite seasons before sunrise, as a cone

or lenticularly-shaped light, extending fronT the horizon ob-

liquely upwards, and following generally the course of the

ecliptic, or rather that of the sun's equator. The apparent

angular distance of its vertex from the sun varies, according

to circumstances, from 40° to 90°, and the breadth of its base

perpendicular to its axis from 8° to 30°. It is extremely

faint and ill defined, at least in this climate, though better

seen in tropical regions, but cannot be mistaken for any

atmospheric meteor or aurora borealis. It is manifestly in

the nature of a lenticularly-foimed envelope*, surrounding the

sun, and extending beyond the orbits of Mercury and Venus,

and nearly, perhaps quite, attaining that of the earth, since its

vertex has been seen fully 90° from the sun's place in a great

circle. It may be conjectured to be no other than the denser

part of that medium, which, we have some reason to believe,

resists the motion of comets ; loaded, perhaps, with the actual

materials of the tails of millions of those bodies, of which

they have been stripped in their successive perihelion pas-

sages (Art. 566.). An atmosphere of the sun, in any proper

sense of the word, it cannot be, since the existence of a

gaseous envelope propagating pressure from part to part;

subject to mutual friction in its strata, and therefore rotating

in the same or nearly the same time with the central body

;

and of such dimensions and ellipticity, is utterly incompatible

with dynamical laws. If its particles have inertia, they must

necessarily .rtand with respect to the sun in the relation of se-

parate and independent minute planets, each having its own

orbit, plane of motion, and periodic time. The total mass being

almost nothing compared to that of the sun, mutual perturba-

tion is out of°the question, though co/Zmons among such as

may cross each other's paths may operate in the course of

. I cannot imagine upon what grounds Hunnboldt persisU in ascribing to it

S:;^,Hn:;:^ iU^'^WaS^-. .S^e. U c.„.ain. 3.7 o.- i.s ap-

liearuiice.
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indefimte ages to effect a subsidence of at least some portion
ot It into the body of the sun or those of the planets

(898.) I^othing prevents that these particles, or someamong them, may have some tangible size, and be at very
great distances from each other. Compared with pknels
visible in our most powerful telescopes, rocks and stony
masses of great size and weight would be but as the ini
pa pable dust which a sunbeam renders visible as a sheet of
light when streaming through a narmw chink into a dark
chamber. It is a fact, established by tlie most indisputable
evidence, that stony masses and lumps of iron do occasionally,
and indeed by no means unfrequently, fall upon the earth from
the lugher regions of our atmosphere Cwhere it is obviously im-
possible they can have been generated), and that they havedone so from the earliest times of history. Four insLce
are lecorded of persons being killed by their fall. A blockof stone fell at ^gos Potamos, B.C. 465, as large as twomd -stones

;
another at IJarm, in 921, projected, like rock

seen to fall. The emperor Jehangire had a sword forcedfron. a niass of meteoric iron which fell, in 1620, at Jahlinler,n the Punjab.* Sixteen instances of the faU of stones inhe Br.tish Isles are well authenticated to have occurr d sin ^S r " "^'"'^^ ''''' - the 26th ofApril, thousands of stones were scattered by the exnln.inn-to fragments of a large fiery globe over a regi n ofT^^
or thirty square miles around the town of L'Ai.Ie, inTo/mandy. The fact occurred at mid-day, and the ci?cumstale
were officially verified by a commission of the French 'overnment.t These, and innumerable other instances 1, fullyes abhsh the general fact ; and after vain attempts to account

It by volcanic projection, either from the earth or themoon, the p anetary nature of these bodies seems at lengthto be almost generally admitted. The heat which they pos-sess when fallen, the igneous pha3nomena which accompany

latldtptirTrs^nsTVooy^'"^^''"''^ of theoccrrenc, tr.,s-

Longitude, de France, 1825.
P"''''^''^''^ Chladn,, Annales du Bureau dea

P 0 2
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them, their explosion on arriving Yi^ithin the denser regions

of our atmosphere, &c., are all sufficiently accounted for on

physical principles, by the condensation of the air before

them in consequence of their enormous velocity, and by the

relations of air in a highly attenuated state to heat*

(899.) Besides stony and metaUic masses, however, it is

probable that bodies of very different natures, or at least states

of ao-o-reo-ation,:are thus circulating round the sun. Shooting

staiCoften followed by long trains of light, and those great

fiery globes, of more rare, but not very uncommon occurrence,

which are seen traversing the upperxegions of our atmosphere,

sometimes leaving trains behind them remaining for many

minutes, sometimes bursting with a loud explosion, sometimes

becoming quietly extinct, may not unreasonably be presumed

to be bodies extraneous to our planet, .which only become visi-

ble on becoming ignited in the act of grazing the confines of

our atmosphere. Among the last-mentioned meteors, how-

ever, are some which can hardly be supposed sohd masses.

The remarkable meteor of August 18. 1783, traversed the

whole of Europe, from Shetland to Rome, with a velocity of

about 30 miles per second, at a height of 50 miles from the

surface of the eaTth, with a light greatly surpassing that of

the full moon, and a real diameter of fully half a mile.
_

Y et

with these vast dimensions, it made a sudden bend m its

course ; it changed its form visibly, and at length qmetly se-

parated into several distinct bodies, accompanymg each other

in parallel courses, and each followed by a.tail or tram.

(900.) There are circumstances in the history of shootmg

stars, which very strongly corroborate the idea of their ex-

traneous or cosmical origin, and their circulaiion round the

sun in definite orbits. On several occasions they have been

observed to appear in unusual,
--»%^'''l'f''llZ

bers, so as to convey the idea of a shower of -^^et^'
^^^^

liantly illuminating the whole heavens for hours togethei, and

Ct n'ot in one locSity, but over whole continents and oceans

and even (in one instance) in both hemispheres, ^ow i is

:"y vexnarkable that, whenever this great display has

„ • T iHdq „ 105 It is very remarkable tliat no ne«-

have been subjected to analysis.
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been exhibited (at least in modern times), it bas uniformly
hapijened on the night between the 12th and 13th, or on that
between the 1 3th and 14th of November. Such cases occurred
in 1799, 1832, 1833, and 1834. On tracing back the records
of sunilar phaenomena, it has been ascertained, moreover, that
more often those identical nights, but sometimes those imme-
diately adjacent, have been, time out of mind, habitually
signalized by such exhibitions. Another annually recurring
epoch, in which, though far less brilliant,, the display of
meteors is more certam (for that of November is often inter-
rupted for a great many years), is that of the 10th of August,
on which night, and on the 9th and 11th, numerous, large,'

and bright shooting stars, with trains, are almost sure to be
seen. Other epochs of periodic recurrence, less marked than
the above, have also been to a certain extent established.

(901.) It is impossible to attribute such, a recurrence of
identical dates of very remarkable phjenomena to accident.
Annual periodicity, irrespective of geographical position^
refers us at once to the place occupied by the earth in its-

annual orbit, and leads direct to the conclusion that at that
])lace the earth incurs a liability to frequent encounters or
concurrences with a stream of meteors in theh' progress of
circulation round the sun. Let us test this idea by pursuinc^
It mto some of its consequences. In the first place then°
supposmg the earth to plunge, in its yearly circuit, into a
uniform ring of innumerable small meteor-planets, of such
breadth as would be traversed by it in one or two days

;

since during this small time the motions, whether of the
earth or of each individual meteor, may be taken as uniform
and rectilinear, and those of all the latter (at the place and
time) parallel, or very nearly so, it will follow that the relative
motion of the meteors referred to the earth as at rest, will be
also uniform, rectilinear, and parallel. Viewed, therefore
from the center of the earth (or from any point in its cir-
cumference, if we neglect the diurnal velocity as very small
compared with the annual) they will all appear to diver'o-e
from a common point, fixed in relation to the celestial sp/iere
as it emanating from a sidereal apex (Art. 115.).

'
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(902.) Now this is precisely what actually happens. The

meteors of the 12th—14th of November, or at least the

vast majority of them, describe apparently arcs of great

circles, passing through or near y Leonis. No matter what

the situation of that star with respect to the horizon or to its

east and west points may be at the time of observation, the

I)aths of the meteors all appear to diverge from that star.

On the 9th—11th of August the geometrical fact is the

same, the apex only differing ; B Camelopardali being for

that epoch the point of divergence. As we need not suppose

the meteoric ring coincident in its plane with the ecliptic,

and as for a ring of meteors we may substitute an elliptic

annulus of any reasonable excentricity, so that both the

velocity and direction of each meteor may differ to any extent

from the earth's, there is nothing in the great and obvious

difference in latitude of these apices at all militating against

the conclusion.

(903.) If the meteors be uniformly distributed in such a

ring or elliptic annulus, the earth's encounter with them in

every revolution will be certain, if it occur once. But if the

ring be broken, if it be a succession of groupes revolving in

an ellipse in a period not identical with that of the earth,

years may pass without a rencontre ; and when such happen,

they may differ to any extent in their intensity of character,

according as richer or poorer groupes have been encoun-

tered.

(904.) No other plausible explanation of these highly cha-

racteristic features (the annual periodicity, and divergence

from a common apex, alioays alike for each respective epoch)

has been even attempted, and accordingly the opinion is

o-enerally gaining ground among astronomers that shooting

stars belong to their department of science, and great interest

is excited in their observation and the further development of

their laws. The first connected and systematic series of

observations of them, having for their object to trace out their

relative paths with respect to the earth, are those of Benzen-

berg and Brandes, who, by noting the instants and apparent

ph^ces of appearance and extinction, as well as the precise
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apparent paths among the stars, of individual meteors, from

the extremities of a measured base line nearly 50,000 feet

in length, were led to conclude that their heights at the

instant of their appearance and disappearance vary from

16 miles to 140, and their relative velocities from 18 to 36

miles per second, velocities so great as clearly to indicate an

independent planetary circulation round the sun. [A very

remarkable meteor or bolide, which appeared on the 19th

August, 1847, was observed at Dieppe and at Paris, with

sufficient precision to admit of calculation of the elements

of its orbit in absolute space. This calculation has been
performed by M. Petit, director of the observatory of Tou-
louse, and the following hyperbolic elements of its orbit round
the sun are stated by him (Astr. Nachr. 701.) as its result

;

viz., Semlmajor axis = — 0-3240083
; excentriclty= 3-95130

;

perihelion distance = 0-95626 ; inclination to plane of the
earth's equator, 18° 20' 18"

;
ascending node on the same plane,

10° 34' 48"; motion direct. According to this calculation,

the body would have occupied no less than 37340 years in

travelling from the distance of the nearest fixed star sup-
posed to have a parallax of 1"].

(905.) It is by no means inconceivable that the earth
approaching to such as diflPer but little from it in direction

and velocity, may have attached many of them to it as per-
manent satellites, and of these there may be some so large,

and of such texture and solidity, as to shine by reflected

light, and become visible (such, at least, as are very near the
earth) for a brief moment, suffering extinction by plunging
into the earth's shadow ; in other words, undergoing total

eclipse. Sir John Lubbock is of opinion that such is the
case, and has given geometrical formula3 for calculating their
distances from observations of this nature.* The observations
of M. Petit would lead us to believe in the existence of at
least one such body, revolving round the earth, as a satellite,

in about 3 hours 20 minutes, and therefore at a distance equal
to 2-513 radii of the earth from its centre, or 5,000 miles
above its surface. f (See .Note N.)

* Phil. Mag., Lond. Ed. Dub. 1848. p. SO
t Comptes Rendus, Oct. 12. 1846, ;ind Aug. 9. 1547.
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(905 a.) In art. 400. the generation of heat by friction is

suggested as affording a possible explanation of the supply of

solar heat, without actual! combustion. A very old doctrine,

advocated on grounds anything rather than reasonable or

even plausible by Bacon, but afterwards Avorked into a cir-

cumstantial and elaborate theory by the elder Seguin, which

makes heat to consist in a continual, rapid, vibratory or gyra-

tory motion of the particles of bodies, has of late been put for-

ward into great prominence by Messrs. Mayer and Joule

and Sir W. Thomson ;
according to this theory motion once

generated or however originating, is never destroyed, but

continues to subsist in the form of " vis viva " among the

molecules of bodies, even when by their impact or mutual

obstruction they appear to have been brought to rest.* The

" vis viva " only takes another form, and is disseminated, as

increased vibratory or gyratory movement, among their mole-

cules ; as such it is heat, or light, or both, and is communi-

cated to the molecules o£ the lumimferous ether, and so dis-

tributed throughout that ether, constituting the phtenomena

of radiant light and heat. Granting a few postulates (not

very easy of conception, and still less so of admission when

conceived,), this theory is not without its plausibility, and

certainly does (on its own conventions), give a consistent ac-

count of the production of heat by friction andimpact. It has

been applied by Mr. Watherson and Sir W. Thomson to ex-

plain the evolution of solar light and heat, as follows. Ac-

cording to the former, the meteorolites which, revolving in

very excentric or cometic orbits, arrive within the limits of

the solar atmosphere are precipitated on the sun's surface in

such abundance, and with such velocity, as to generate in

the way above described the totality of the emitted radiants.

Sir W. Thomson, undismayed as would appear by the per-

petual battery thus kept up on the sun's surface (on every

square foot of which, on Mr. Watherson's view of the sub-

ject, a weight of matter equal to 5 lbs. would require to be

delivered per hour with a velocity of 390 miles per second,

* On this point see a paper by the Author on the absoquion f
^""'^

and Ed. Phil. Mag. and Journ., 3rd scries, vol. m. No. 18, Dec. 1833.
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covering the whole surface with stony or other solid mate-

rial, to the depth of 12 feet per annum, if of the density of

granite,) prefers to consider the nebula of the zodiacal light

in a vaporous state as continually subsiding into the sun,

by gradual spiral approach, until suddenly meeting with

greatly increased resistance in its atmosphere (as arriving

in a state of more rapid revolution) by friction on the ex-

ternal envelope or -photosphere of its surface (art. 389.),

produces there the heat and light actually observed whereas

the theory of Mr. Watherson would place its origin on the

solid surface itself, contrary to the observed fact.* Our
readers will judge for themselves what degree of support

the telescopic aspect of the sun's surface as described in

arts. 386—355, and especially (387 a), JST-ote G, affords,.

* The quantity of matter annually required to be deposited on the sun,
vvhetherin a pulverulent, liquid, oi vaporous fomi, by Sir W. Thomson's theory,
is nearly double of that called for by Mr. VV^atherson's, viz., 24 feet of granite
per annum, i.e. a mile in 260 years ; so that the sun's apparent diameter would
be increasing at the rate of about 1" per 100,000 years on this hypothesis.

In the "Manuel de la Science,,ou Annuaire du Cosmos" For 1859, by the
Abbe Moigno (a work of high interest, and, generally speaking, of great impar-
tiality in the discussion of claims to scientihc priority), pp. 85, 6, 7, 2™®

this article is so translated (probably for want of a perfect appretiation of the
force of the expressions used in it) as to convey an unqualified adhesion to the
theory in question and to M. Seguin's doctrine. This, however (especially the
latter, as stated at length in Pt. I. pp. 224. sej. ), 1 am very far from' pre-
pared to give :—and the English reader will, I presume, consider the terms
employed quite sufficiently guarded, even as respects the general principle, to
say nothing of the specialties of M. Seguin's theory.— [iVbte tidded, 185a]
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PART lY.

OF THE ACCOUNT OF TIME.

CHAPTER XVIII.

NATURAL UNITS OF TIME, — RELATION OF THE SIDEREAL TO THE

SOLAR DAT AFFECTED BY PRECESSION. INCOJISIENSURABILTTT

OP THE DAY AND YEAR. — ITS INCONVENIENCE. — HOW OB-

A'lATED. — THE JULIAN CALENDAR. — IRREGULARITIES AT ITS

rmST INTRODUCTION. — REF0R5IED BY AUGUSTUS.— GREG0RL4.N

REFORMATION.^— SOLAK AND LUNAR CYCLES. INDICTION.

JULIAN PERIOD. TABLE OF CHRONOLOGICAL ERAS. — RULES

FOR CALCULATING THE DATS ELAPSED BETWEEN GIVEN DATES.

— EQUINOCTIAL TIME.— FIXATION OF ANCIENT DATES BY

ECLIPSES.

(906). Time, like distance, may be measured by comparison

with standards of any length, and all that is requisite for

ascertaining correctly the length of any interval, is to be

able to apply the standard to the interval throughout its

whole extent, without overlapping on the one hand,^ or

leaving unmeasured vacancies on the other ; to determine,

Avithout the ])ossible error of a unit, the number of integer

standards which the interval admits of being interposed

between its beginning and end ; and to estimate precisely

the fraction, over and above an integer, which remains when

all the possible integers are subtracted.

(907). But though all standard units of time are equally

possible,' theoretically speaking, yet aU are not, practically,

equally convenient. The solar day is a natural interval

which the wants and occupations of man in every state of

society force upon him, and compel him to adopt as his

fundamental unit of time. Its length as estimated from the

departure of the sun from a given meridian, and its next

return to the same, is subject, it is true, to an annual fluctua-

tion in excess and defect of its mean value, amounting at its
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maximum to full half a minute. But except for astronomical

purposes, this is too small a change to interfere in the slight-

est degree with its use, or to attract any attention, and the

tacit substitution of its mean for its true (or variable) value

may be considered as having been made from the earliest

ages, by the ignorance of mankind that any such fluctuation

existed.

(908). The time occupied by one complete rotation of the

earth on its axis, or the mean * sidereal day, may be shewn,

on dynamical principles, to be subject to no variation from
any external cause, and although its duration would be
shortened by contraction in the dimensions of the globe itself,

such as might arise from the gradual escape of its internal

heat, and consequent refrigeration and shrinking of the

whole mass, yet theory, on the one hand, has rendered it

almost certain that this cause cannot have effected any per-

ceptible amount of change during the history of the human
race

;
and, on the other, the comparison of ancient and modern

observations affords every corroboration to this conclusion.
From such comparisons, Laplace has concluded that the
sidereal day has not changed by so much as one hundredth of a
second since the time of Hipparchus. The mean sidereal day
therefore possesses in perfection the essential quality of a
standard unit, that of complete invariability. The same is

true of the mean sidereal year, if estimated upon an average
sufficiently large to compensate the minute fluctuations arising
from the periodical variations of the major axis of the earth's

orbit due to planetary perturbation (Art. 668.),

(909.) The mean solar day is an immediate derivative of
the sidereal day and year, being connected with them by
the same relation which determines the synodic from the
sidereal revolutions of any two planets or other revolvino-
bodies (Art. 418.). The exact determination of the ratio of
the sidereal to the solar day, which is a point of the utmost
importance in astronomy, is however, in some degree, com-
plicated by the effect of precession, which renders it necessary

The true sidereal day is variable bv tlie cfTcct of nutation
; but the vari

ation (an excessively minute fraction of the whole) compensates itself in a rp.
volution of the moon's nodes
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to distino;uish between the absolute time of the earth's

rotation on its axis, (the real natural and invariable standard

of comparison,) and the mean interval between two successive

returns of a given star to the same meridian, or rather of a

given meridian to the same star, which not only differs by a

minute quantity from^ the sidereal day, but is actually not

the same for all stars. As this is a point to which a little

difficulty of conception is apt to attach, it will be neces-

sary to explain it in some detail. Suppose then tt the

pole of the ecliptic, and P that of the equinoctial, A C the

solstitial colure at any given moment of time, and V p q r

the small circle described by P about tt in one revolution

of the equinoxes, i. e. in 25870 years, or 9448300 solar

days, all pi'ojected on the plane of the ecliptic A B C D.

Let S be a star anywhere situated on the ecliptic, or between

it and the small circle P q r. Then if the pole P were at

c

A

rest, a meridian of the' earth setting out from P S C, and

revolving in the direction C D, will come again to the star

after the exact lapse of one sidereal day, or one rotation of

the earth on its axis. But P is not at rest. After the lapse

of one such day it will have come into the situation (suppose)

p, the vernal equinox B having retreated to b, and the

colure PC having taken up the new position pc. Now a

conical movement impressed on the axis of rotation of a

^rlobe already rotating is equivalent to a rotation ini]iressed
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on the whole globe round the axis of the cone, in addition

to that which the globe has and retains round its own inde-

pendent axis of revolution. Such a new rotation, in trans-

ferring P to p, being performed round an axis passing

throucrh TT, will not alter the situation of that point of the

globe which has a- in its zenith. Hence it follows that p tt c

passing through tt will be the position taken up by the

meridian P tt C after the lapse of an exact sidereal day. But

tliis does not pass through S, but falls short of it by the

hour-angle t S, wliich is yet to be described before the

meridian comes up to the star. The meridian, then, has lost

so much on, or lagged so much beliind, the star in the lapse

of that interval. The same is true whatever be the arc Vp.

After the lapse of any number of days, the pole being

transferred to p, the spherical angle tt j9 S will measure the

total hour angle which the meridian has lost on the star.

Now when S lies any where between C and r, this angle

continually increases (though not uniformly), attaining 180°

when p comes to r, and still (as will £^ppear by following out

the movement beyond r) increasing thence till it attains 360°

when p has completed its circuit. Thus in a whole revolution

of the equinoxes, the meridian will have lost one exact

revolution upon the star, or in 9448300 sidereal days, will

have re-attained the star only 9448299 tunes: in other

words, the length of the day measured by the mean of the

successive arrivals of any star outside of the circle V pgr on
one and the same meridian is to the absolute time of rotation

of the earth on its axis as 9448300 : 9448299, or as

1-00000011 to 1.

(910.) It is otherwise of a star situated within this circle,

as at (T. For such a star the angle 7rp tr, expressing the

lagging of the meridian, increases to a maximum for some
situation ofp between q and r, and decreases again to o at ?•

;

after which it takes an opposite direction, and the meridian
begins to get in advance of the star, and continues to get
more and more so, till p has attained some point between
s and P, where the advance is a maximum, and thence
decreases again to o when p has completed its circuit. For
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any star so situated, then, the mean of all the days so

estimated through a whole period of the equinoxes is an

absolute sidereal day, as if precession had no existence.

(911.) If we compare the sun with a star situated in the

ecliptic, the sidereal year is the mean of all the intervals of

its arrival at that star throughout indefinite ages, or (without

fear of sensible error) throughout recorded history. Now, if

we woidd calculate the synodic sidereal revolution of the sun

and of a meridian of the earth by reference to a star so situated,

according to the principles of Art. 418., we must proceed as

follows : Let D be the length of the mean solar day (or

synodic day in question) d the mean sidereal revolution of

the meridian with reference to the same star, and y the sidereal

year. Then the arcs described by the sun and the meridian

m the interval D will be respectively 360° — and 360° .

And since the latter of these exceeds the former by precisely

360°, we have

360° ^=360° - +360°;
d y

whence it follows that

2^ = 1 + 5= 1-00273780,
d y

taking the value of the sidereal year y as given in Art. 383,

viz. 365"^ 9"° 96^ But, as we have seen, d is not the ab-

solute sidereal day, but exceeds it in the ratio 1 -00000011 : 1.

Hence to get the value of the mean solar day, as expressed in

absolute sidereal days, the number above set down must be

increased in the same ratio, which brings it to 1-00273791,

which is the ratio of the solar to the sidereal day actually

in use among astronomers.

(912). It would be well for chronology if mankind would,

or could have contented themselves with this one invariable,

natural, and convenient standard in their reckoning of time.

The ancient Egyptians did so, and by their adoption of an

historical and official year of 365 days have afforded the only

example of a practical chronology, free from all obscurity or

complication. But the return of the seasons, on which



NATURAL UNITS OF IIME. 671

depend all the more important arrangements and business of

cultivated life is not conformable to such a multiple of the

diurnal unit. Their return is regulated by the tropical year,

or the interval between two successive arrivals of the sun at

the vernal equinox, which, as we have seen (Art. 383.), differs

from the sidereal year by reason of the motion of the equinoctial

points. Now this motion is not absolutely uniform, because the

ecliptic, upon which it is estimated, is gradually, though very
slowly, changing its situation in space under the disturbing

influence of the planets (Art. 640.). And thus arises a vari-

ation in the tropical year, which is dependent on the place of

the equinox (Art. 383.). The tropical year is actually about
4-21' shorter than it was in the time of Hipparchus. This
absence of the most essential requisite for a standard, viz.

invariability, renders it necessary, since we cannot help
employing the tropical year in our reckoning of time, to
adopt an arbitrary or artificial value for it, so near the truth,

as not to admit of the accumulation of its error for several

centuries producing any practical mischief, and thus satisfying

the ordinary wants of civil life
; while, for scientific purposes,

the tropical year, so adopted, is considered only as the repre-

sentative of a certain number of integer days and a fraction
the day being, in effect, the only standard employed. The
case is nearly analagous to the reckoning of value by guineas
and shillings, an artificial relation of the two coins being fixed
by law, near to, but scarcely ever exactly coincident with,
the natural one, determined by the relative market price
of gold and silver, of which either the one or the other
whichever is really the most invariable, or the most in use
with other nations,— may be assumed as the true theoretical
standard of value.

(913). The other inconvenience of the tropical year as a
greater unit is its incommensurability with the lesser. In
our measure of space all our subdivisions are into aliquot
parts

:
a yard is three feet, a mile eight furlongs, &c. But a

year is no exact number of days, nor an integer number with
any exact fraction, as one third or one fourth, over and above;
but the surplus is an incommensurable fraction, composed cf
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hours, minutes, seconds, &c., which produces the same kind

of inconvenience in the reckoning of time that it would do

in that of money, if we had gold coins of the value of twenty-

one shillings, with odd pence and farthings, and a fraction of

a farthing over. For this, however, there is no remedy but

to keep a strict register of the surplus fractions ;
and, when

they amount .to a whole day, cast them over into the integer

.account.

(914.) To do this in the simplest and most convenient

manner is the object of a well-adjusted calendar. In the

Gregorian calendar, which we follow, it is accomplished with

considerable simplicity and neatness, by carrying a little

farther than is done above, the principle of an assumed

or artificial year, and adopting two such years, both con-

sisting of an exact integer number of days, viz. one of

365 and the other of 366, and laying down a simple and

easily remembered rule for the order in which these years

shall succeed each other in the civil reckoning of time, so

that during the lapse of at least some thousands of years the

sum of the integer artificial, or Gregorian, years elapsed

shall not differ from the same number of real tropical years

by a whole day. By this contrivance, the equinoxes and

solstices will always fall on days similarly situated, and

bearing the same name in each Gregorian year; and the

seasons will for ever correspond to the same months, instead

of running the round of the whole year, as they must do

upon any other system of reckoning, and used, in fact, to do

before this was adopted as a matter of ignorant haphazard in

the Greek and Roman chronology, and of strictly defined

and superstitiously rigorous observance in the Egyptian.

(915.) The Gregorian rule is as follows :— The years are

denominated as years current {not as years elapsed) from the

midnight between the 31st of December and the 1st of

January immediately subsequent to the birth of Christ, accord-

ing to the chronological determination of that event by Diony-

sius Exiguus. Every year whose number is not divisible by

4 without remainder, consists of 365 days ;
every year which

is 30 divisible, but is not divisible by 100, of 366 ;
every year
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divisible by 100, but not by 400, again of 365; and every
year divisible by 400, again of 366. For example, the year
1833, not being divisible by 4, consists of 365 days; 1836 of
366; 1800 and 1900 of 365 each; but 2000 of 366. In
order to see how near this rule will bring us to the truth,

let us see what number of days 10000 Gregorian years will

contain, beginning with the year A.D. 1. Now, in 10000, the
numbers not divisible by 4 will be | of 10000 or 7500 ; those
divisible by 100, but not by 400, will in like manner be f
of 100, or 75 ; so that, in the 10000 years in question, 7575
consist of 366, and the remaining 2425 of 365, producing in
all 3652425 days, which would give for an average of each
year, one with another, 365*^-2425. The actual value of the
tropical year, (art. 383.) reduced into a decimal fraction, is

365-24224, so the error in the Gregorian rule on 10000 of
the present tropical years, is 2-6, or 2"* 14^ 24™; that is to
say, less than a day in 3000 years ; which is more than suf-

ficient for all human purposes, those of the astronomer ex-
cepted, who is in no danger of being led into error from
this cause. Even this error is avoided by extending the
wording of the Gregorian rule one step farther than its

contrivers probably thought it worth while to go, and
declaring that years divisible by 4000 should consist of 365
days. This would take olF two integer days from the above
calculated number, and 2-5 from a larger average

; making
the sum of days in 100000 Gregorian years, 36524225,
which differs only by a single day from 100000 real tropical

years, such as they exist at present.*

(916.) In the historical dating of events there isno year a.d. 0.

The year immediately previous to a.d. 1, is always called B.C. 1.

This must always be borne in mind in reckoning chronological
and astronomical intervals. The sum of the nominal years B.C.

andA.D.must be diminished by 1. Thus,from Jan. 1. B.c.4713,
to Jan. 1. A.D. 1582, the years elapsed are not 6295, but 6294

(917.) As any distance along a high road might, though in
a rather inconvenient and roundabout way, be expressed
without introducing error by setting up a series of milestones,

• See note (A) at the end of the chapter.

X X
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at intervals of unequal lengths, so that every fourth mile, for

instance, should be a yard longer than the rest, or according

to any other fixed rule ;
taking care only to mark the stones

so as to leave room for no mistake, and to advertise all

travellers of the difference of lengths and their order of suc-

cession ; so may any interval of time be expressed correctly by

stating in what Gregorian years it begins and ends, and where-

abouts in each. For this statement coupled with the decla-

ratory rule, enables us to say how many integer years are to

be reckoned at 365, and how many at 366 days. The latter

years are called bissextiles, or leap-years, and the surplus days

thus thrown into the reckoning are called intercalary or leap-

days.

(918.) If the Gregorian rule, as above stated, had always

and in all countries been known and followed, nothing would

be easier than to reckon the number of days elapsed between

the present time, and any historical recorded event. But this

is not the case ; and the history of the calendar, with refer-

ence to chronology, or to the calculation of ancient obser-

vations, may be compared to that of a clock, going regularly

when left to itself, but sometimes forgotten to be wound up ;

and when wound, sometimes set forward, sometimes back-

ward, either to serve particular purposes and private interests,

or to rectify blunders in setting. Such, at least, appears to

have been the case with the Eoman calendar, in which our own

originates, from the time of Numa to that of Julius Caisar,

when the lunar year of 13 months, or 355 days, was augmented

at pleasure to correspond to the solar, by which the seasons are

determined, by the arbitrary intercalations of the priests, and

the usurpations of the decemvirs and other magistrates, till

the confusion became inextricable. To Julius C»sar, assisted

by Sosi<Tenes, an eminent Alexandrian astronomer and

mathematician, we owe the neat contrivance of the two years

of 365 and 366 days, and the insertion of one bissextile after

three common years. This important change took place in

the 45th year before Christ, which he ordered to commence

on the 1st of January, being the day of the nero moon imme-

diatelyfolhioing the winter solstice of the year before. AV e may
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judge of the state into which the reckoning of time had fallen,

by the fact, that to introduce the new system it was neces-

sary to enact that the previous year, 46 b. c, should consist

of 445 days, a circumstance which obtained for it the epithet

of " the year of confusion."

(919.) Had Ca3sar lived to carry out into practical effect,

as Chief Pontiff, his own reformation, an inconvenience

would have been avoided, which at the veiy outset threw

the whole matter into confusion. The words of his edict,

establishing the Julian system have not been handed down
to us, but it is probable that they contained some expression

equivalent to " every fourth year," which the priests misin-

terpretmg after his death to mean (according to the sacerdotal

system of numeration) as counting the leap year newly elapsed

as No. 1. of the four, intercalated every third instead of every

4th year. This erroneous practice continued during 36 years,

in which therefore 12 instead of 9 days were intercalated,

and an error of tln-ee days produced; to rectify which,
Augustus ordered the suspension of all intercalation during
three complete quadriennia,— thus restoring, as may be pre-
sumed his intention to have been, the Julian dates for the

future, and re-estabUshing the Julian system, which was
never afterwards vitiated by any error, till the epoch when
its own inherent defects gave occasion to the Gregorian
reformation. According to the Augustan reform the years

A.U.C. 761, 765, 769, &c., which we now call a.d, 8, 12,

16, &c., are leap years. And starting from this as a certain

fact, (for the statements of the transaction by classical authoi-s

are not so precise as to leave absolutely no doubt as to the

previous intermediate years,) astronomers and chronologists

have agreed to reckon backwards in unbroken succession on
this principle, and thus to carry the Julian chronology into
j)av*t time, as if it had never suffered such interruption, and
as if it were certain* that Cassar, by way of securing the

intercalation as a matter of precedent, made his initial year

• Scaliger, Ideler. and the best authorities consider it probable. A stron?, if
not decisivf.argmnenl in its favour, is tliat Augustus evidently inlcnding to rein-
state the Julian idea, and with a ciuar view of the recent inconveniences present

X X 2
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45 B.C. a leap yeai'. Whenever, therefore, in the relation of

any event, either in ancient history, or in modern, previous

to the change of style, the time is specified in our modern

nomenclature, it is always to be understood as having been

identified with, the assigned date by threading the mazes (often

very tangled and obscure ones) of special and national chro-

nology, and referring the day of its occurrence to its place in

the Julian system so interpreted.

(920.) Different nations in different ages of the world have

of course reckoned their time in diff'erent ways, and from

different epochs, and it is therefore a matter of great con-

venience that astronomers and chronologists (as they have

agreed on the uniform adoption of the Julian system of years

and months) should also agree on an epoch antecedent to

them all, to which, as to a fixed point in time, the whole list

of chronological eras can be diflTerentially referred. Such an

epoch is the noon of the 1st of January, B. C. 4713, which is

caUed the epooh of the Julian period, a cycle of 7980 Juhan

years, to understand the origin of which, we must explain

that of three subordinate cycles, from whose combination it

takes its rise, by the multiplication together of the numbers

of years severally contained in them, viz :— the Solar and

Lunar cycles, and that of the indictions.

(921.) The Solar cycle consists of 28 Juhan years, after

the lapse of which the same days of the week on the Julian

system would always return to the same days of each month

throughout the year. For four such years consisting of 146

1

days, which is not a multiple of 7, it is evident that the least

number of years which will fulfil this condition must be

seven times that interval, or 28 years. The place in this

cycle for any year a.d., as 1849, is found by adding 9 to the

year, and dividing by 28. The remainder is the number

sought, 0 being counted as 28.

to his mlntl, did actually direct the future intercalations to take place in o.W years

vo Such then, no doubt, must have been Caesar's uUent.on For the correc-

tion of Roman dates during the fifty-two years between the

t.,> reCor.nations, see Ideler, " IJandbuch der Mathematischen u. d Techn..chen

Chronologic," which we take for our guide througliout this chapter.
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^
(922.) The Lunar cycle consists of 19 years or 235 luna-

tions, which differ from 19 Julian years of 3651 days only
by about an hour and a half, so that, supposing the new
moon to happen on the first of January, in the first year of
the cycle, it will happen on that day (or within a very short
time of its beginning or ending) again after a lapse of 19
years; and all the new moons in the interval will run on the
same days of the month as in the preceding cycle. Tliis
period of 19 years is sometimes called the Metonic cycle,
from its discoverer Meton, an Athenian mathematician, a dis-
covery duly appretiated by his countrymen, as ensuring the
correspondence between the lunar and solar years, the former
of which was foHowed by the- Greeks. Public honours were
decreed to him for this discoveiy, a circumstance very
expressive- of the annoyance which a lunar yea,r of necessity
mfllcts on a civilized people, to whom a regular and simple
calendar is one of the first necessities of life. A cycle of
4 X 19 = 76 years was proposed by CaUippus as a supposed
improvement on the Metonic, but in this interval the errors
accumulated to 6 hours and in 4 x 76= 304 years to an entire
day. To find the place of a given year in the lunar cycle
(or as It is called the Golden Number,) add 1 to the number
of the year A. D., and divide by 19, the remainder (or 19 if
exactly divisible,) is the Golden Number.

(923.) The cycle of the indictions is a period of 15 years
used m the courts of law and in the fiscal organization of
the Eoman empire, under Constantine and his successors
and thence introduced into legal dates, as the Golden Num'
ber, serving to determine Easter, was into ecclesiastical ones
lo find the place of a year in the indiction cycle, add 3 and
divide by 15. The remainder (or 15 if 0 remain) is thenumber of the indictional year.

(924.) If we multiply together the numbers 28 19 and
15, we get 7980, and, therefore, a period or cycle of 7980
years will bring round the years of the three cycles a^ain inthe same order, so that each year shall hold the same place in
all the three cycles as the corresponding year in the foregoino-
period. As none of the three numbers in question have any
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common factor, it Is evident that no two years in the same

compound period can agree in all the three particulars :
so

that to specify the numbers of a year in each of these cycles

is, in fact, to specify the year, if within that long period

;

which embraces the entire of authentic chronology. The

period thus arising of 7980 Julian years, is called the Julian

period, and it has been found so useful, that the most com-

petent authorities have not hesitated to declare that, through

its employment, light and order were first introduced into

chronology.* We owe its invention or revival to Joseph

Scaliger, who is said to have received it from the Greeks of

Constantinople. The first year of the current Julian period,

or that of which the number in each of the three subordinate

cycles is 1, was the year 4713 B.C., and the noon of the

1st of January of that year, for the meridian of Alexandria,

is the chronological epoch, to which all historical eras are

most readily and intelligibly referred, by computing the

number of integer days intervening between that epoch and

the noon (for Alexandria) of the day, which is reckoned to

be the first of the particular era in question. The meridian

of Alexandria is chosen as that to which Ptolemy refers the

commencement of the era of Nabonassar, the basis of all his

calculations.

(925.) Given the year of the Julian period, those of the

subordinate cycles are easily determined as above. Con-

versely, given the years of the solar and lunar cycles, and of

the indlction, to determine the year of the Juhan period

proceed as follows :— Multiply the number of the year in

the solar cycle by 4845, in the lunar by 4200, and in the

Cycle of the Indlctlons by 6916, divide the sum of the pro-

ducts by 7980, and the remainder is the year of the Julian

period sought.
, , . , ^

(926.) The following table contams these mtervals tor

some of the more important historical eras:—

• Ideler, Handbuch, &c. vol. i. p. T?.
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Intervals in Days between the Commencement of the Julian
Period, and that of some other remarkable chronological
and astronomical Eras*

Names by which the Era is usually cited.

First day
current of
the Era.

Chronological
Designation
of the Year.

Current Year
of the Julian

Period.

Interval,
days elapsed
For days cur-
rent add 1.

Julian Epochs.
Julian period - _ .

Creation of the world (Usher)
Era of the Deluge (Aboulhassan

Kuschiar)
Ditto Vulgar Computation
Era of Abraham (Sir H. Nicolas) -

Destruction of Troy, (ditto)

Dedication of Solomon's Temple
Olympiads (mean epoch in general
usej

Building of Rome (Varronian epocli,

u. c.

)

Era of Nabonassar ...
Eclipse of Tliales ...
Eclipse of Larissa ...
Metonic cycle (Astronomical epoch)
Callippic cycle Do. ( Biot)
Philippic era, or eraof Philip Aridceus
Era of the Seleucidte ...
Eclipse of Agathocles ...
Caesarean era of Antioch
Julian reformation of the Calendar
Spanish era - . - . ,

Actian era in Rome ...
Actian era of Alexandria
Vulgar or Dionysian era
Era of Diocletian ...
Hejira (astronomical epoch, new
moon)

Era of Yezdegird....
Eclipse of Sticklastad - . -

Gelaliean era (Sir H. Nicolas)
Last day of Old Style (Catholic

nations)

Last day of Old Style in England -

Co

Gregorinn Epochs.

New Style in Catholic nations
> in England -

)mmencement of the 19th century.
Epoch of Hode's catalogue of stars

Epoch of the catalogue of stars of
the R. Astronomical Socictj

Epoch of the catalogue of the British
Association

Julian Dates.

Jan. \.

(Jan. 1.)

Feb. 18.

(Jan. 1.)

Oct. 1.

July 12.

(May I.)

July 1,

April 22.

Feb. 26.

May 28.

May 19.

July 15.

June 28.

Nov. 12.

Oct. 1.

Aug. 15.

Sept. 1.

J3n. 1.

Jan. 1.

Jan. I.

Aug. 29.

Jan. 1.

Aug. 29.

July 15.

June 16.

Aug. 31.

March H.
Oct. 4.

Sept, 2.

Gregorian

Dates.

Oct. 15.

Sept.. 14.

Jan. 1.

Jan. 1.

Jan. 1.

B.C. 4713
4004
3102

2348
2015
1184
1015

776

753

747
585
557
432
330
324
312
310
49
45
38
SO
30

L.D. 1

284
622

632
1030
1079
158'?

1752

1582
1752
1801

1830

1850

1

710
1612

2366
2699
3530
3699
3938

3961

3967
4129
4157
4s;82

4384
4390
4402
4404
4665
4669
4676
4684
4684
4714
4997
5335

5345
5743
5792
6295

6465

6295
6465
6514

6543

6563

0
258,963

588,466

863,817

985,718

1,289,160

1,350,815

1,458,17J

1,446,502

1,448,638

1,507,900

1,518,118

1,563.831

1,599,608

1,603,398

1.607,739

1,608,422

1,703,770

1,704,987

1,707,544

1,710,466

1,710,706

1,721,424

1,825,0,30

1,948,439

1,952,063

2,097,508

2,1 15,235

2.299,160

2,361,221

2,299,161

2,361,222

2,378,862

2,389,454

^•'i96,759

See note (C) at the end of this chapter.
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(927.) The determination of the exact interval between

any two given dates, is a matter of such importance, and,

unless methodically performed, is so very liable to error, that

the following rules will not be found out of place. In the

first place it must be remarked, generally, that a date,

whether of a day or year, always expresses the day or year

current and not elapsed, and that the designation of a year

bj A. D. or B. C. is to be regarded as the name of that year,

and not as a mere number uninterruptedly designating the

place of the year in the scale of time. Thus, in the date,

Jan. 5. B.C. 1, Jan. 5 does not mean that 5 days of Ja-

nuary in the year in question have elapsed, but that 4

have elapsed, and the 5th is current. And the B. c. 1, in-

dicates that the first day of the year so named, (the first year

current before Christ,) preceded the first day of the vulgar

era by one year. The scale of A.D. and B.C., as already ob-

served, is not continuous, the year 0 in both being wanting

;

so that (supposing the vulgar reckoning correct) our Saviour

was born in the year B.C. 1.

(928.) Tofind the year current of the Julian period, (j. P.)

corresponding to any given year current B. C. or A.D. If B. c,

subtract the number of the year from 4714 : if A. D., add its

number to 4713. For examples, see the foregoing table.

(929.) To find the day current of the Julian period cor-

responding to any given date. Old Style. Convert the year B. C.

or A. D. into the corresponding year J. p. as above. Subtract

1 and divide the number so diminished by 4, and call Q the

integer quotient, and E. the remainder. Then will Q be

the number of entu*e quadriennia of 1461 days each, and E.

the residual years, the first of which is always a leap-year.

Convert Q into days by the help of the first of the annexed

tables, and R by the second, and the sum will be the interval

between the Julian epoch, and the commencement, Jan. 1.

of the year. Then find the days intervening between the

beginning of Jan. 1., and that of the date-day by the third

table, using the column for a leap-year, where R= 0, and

that for a common year when R is 1, 2, or 3. Add the days

BO found to those in Q+ R, and the sum will be the days
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elapsed of the Julian period,

by 1 gives the day current.

Table 1. Multiples of 1461, the days in a

Julian Qiiadriennium.

1 1461 4 5844 7 10227

2 2922 5 7305 8 11688

3 4383 6 8766 9 13149

number of which increased

Table 2. Days in
Residual years.

0 0
1 366
2 731

3 1096

Table S.— Days elapsed from Jan. 1. to the 1st of each Month.

In a common
Year.

In a leap
Year.

In a common
Year.

In a leap
Year.

Jan. 1. 0 0 July 1. 181 182

Feb. 1. 31 31 Aug. 1. - 212 213

March 1. - 59 60 Sept. 1, - 243 244

April 1. - 90 91 Oct. 1. 273 274

May 1. 120 121 Nov. 1. 804 305

June 1. 151 152 Dec. 1. 334 335

Example.—What is the current day of the Julian period

corresponding to the last day of Old Style in England, on

Sept. 2., A.D. 1752.

1752
4713

6465 year current.

1

4)6464 years elapsed.

Q=1616"1
R= OJ

[930.) To find the same for any given date, New Style.

Proceed as above, considering the date as a Julian date, and

disregarding the change of style. Then from the resulting

days, subtract as follows :
—

For Hny date of New Style, antecedent to March 1. a. d. 1700 - 10 days.

After Feb. 28. 1700 and before March 1. a.d. 1800 - - - 11 days.

„ 1800 „ „ 1900 - - . 12 days.

„ 1900 „ „ 2100- - - 13days,&c.

(931.) Tofind the interval he^ween any two dates, whether

of Old or New Style, or one of one, and one of the other. Find

1000 1,461,000

600 876,600
10 14,610
6 8,766

R=0 O
Jan. 1. to Sept. 1. 244
Sept. 1. to Sept. 2. 1

2,361,221 days elapsed.

Current day the 2,361,222'>.



682 OUTLINES OF ASTRONOMY.

the day current of tlie Julian period corresponding to each

date, and their difference is the interval required. If the

dates contain hours, minutes, and seconds, they must be

annexed to their respective days current, and the subtraction

performed as usual.

(932.) The Julian rule made every fourth year, without

exception, a bissextile, beginning with the year J. P. 1, which,

is to be accounted as such. This is, in fact, an over-correc-

tion ; it supposes the length of the tropical year to be 365;^^

which is too great, and thereby induces an error of 7 days in

900 years, as will easily appear on trial. Accordingly, so

early as the year 1414, it began to be perceived that the

equinoxes were gradually creeping away from the 21st of

March and September, where they ought to have always

fallen had the Julian year been exact, and happening (as it

appeared) too early. The necessity of a fresh and effectual

reform in the calendar was from that time continually urged,

and at length admitted. The change (which took place

under the popedom of Gregory XIII.) consisted in the

omission of ten* nominal days after the 4th of October, 1582,

(so that the next day was called the 15th, and not the 5tb,)

and the promulgation of the rule already explained for future

regulation. The change was adopted immediately in all

catholic countries ; but more slowly in protestant. In England,

"the change of style," as it was called, took place after the

2d of September, 1752, eleven nominal days being then

struck out ; so that, the last day of Old Style being the 2d,

the first of New Style (the next day) was called the 14th,

instead of the 3d. The same legislative enactment wliich

established the Gregorian year in England in 1752, shortened

the preceding year, 1751, by a full quarter. Previous to

that time, the year was held to begin with the 25th March,

and the year A.D. 1751 did so accordingly; but that year

was not suffered to run out, but was supplanted on the 1st

January by the year 1752, which (as well as every subse-

quent year) it was enacted should commence on that day, so

that our English year 1751 was in effect an " annus confu-

Bionis," and consisted of only 282 days. Russia is now the

• See note (B) at the end of this chapter.
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only country in Europe in which the Old Style is still ad-

hered to, and (another secular year having elapsed) the differ-

ence between the European and Russian dates amounts, at

present, to 12 days.

(933.) It is fortunate for astronomy that the confusion of

dates, and the irreconcilable contradictions which historical

statements too often exhibit, when confronted with the best

knowledge we possess of the ancient reckonings of time,

affect recorded observations but little. An astronomical

observation, of any striking and well-marked phaenomenon,

carries with it, in most cases, abundant means of recovering

its exact date, when any tolerable approximation is af-

forded to it by chronological records; and, so far from

being abjectly dependent on the obscure and often contra-

dictory dates, which the comparison of ancient authorities

indicates, is often itself the surest and most convincing

evidence on which a chronological epoch can be brought to

rest. Remarkable eclipses, for instance, now that the lunar

theory is thoroughly understood, can be calculated back for

several thousands of years, without the possibility of mis-

taking the day of their occurrence. And, whenever any

such eclipse is so interwoven with the account given by an

ancient author of some historical event, as to indicate pre-

cisely the interval of time between the eclipse and the event,

and at the same time completely to identify the eclipse, that

date is recovered and fixed for ever. This has been done in

the cases of four very remarkable total eclipses of the sun,

(the dates of which are accordingly entered as epochs in

the table of Chronological Eras, art. 926), which have given

rise (at least one of them) to much discussion and diversity of

opinion among astronomers, but which have at length been

definitively settled by Mr. Airy on the occasion of the recent

publication of Prof. Hansen's Lunar Tables, the accuracy of

which is such as justify the most entire reliance on the results

of such calculations grounded upon them.

(933 a.) The solar eclipse designated as that "of Thales"
is the celebrated one which is stated by Herodotus to have
been predicted by that philosopher, and to have caused the
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suspension of a battle between the Medes and Lydians, fol-

lowed by a treaty of peace. Only a total eclipse, as Mr.
Baily had clearly shown, could have so attracted the atten-

tion of the combatants ; and in a very remarkable memoir on
the subject (Phil. Trans. 1811) that eminent astronomer
was led, by the use of the best tables then in existence, to

identify this eclipse with the total one of Sept. 30th, B.C. 610,
which, according to those' tables, must have jDassed over the

mouth of the river Halys (where it had all along been assumed,
though without any positive grounds for the assumption, the

battle was fought). The same conclusion having been ar-

rived at by M. Oltmanns, the point was supposed to be

settled. Prof. Hansen's tables, however, throw the path of

the shadow in this eclipse altogether out of Asia Minor, and

even north of the sea of Azof. On the other hand the eclipse

of B.C. 585, which was also total, passed, according to those

tables, over Issus, a locality satisfying all the circumstantial

and general military conditions of the narrative even better

than the Halys, and at this spot there can now be little or no

doubt the battle was really fought.

(933 b.) The total eclipse of the sun which was witnessed

by the fleet of Agathocles in his escape from Syracuse, block-

aded by the Carthaginians, on the second day of his voyage

to Cape Bon, had been considered by Mr. Baily in the memoir

above cited, and found to be incompatible (according to the

then existing tables) with the year B.C. 310, supposing the

former eclipse to have been rightly identified. This having now

been shown not to be the case, it is all the more satisfactory

to find that, under very reasonable and natural suppositions

respecting Agathocles' voyage, the total eclipse which did

undoubtedly pass on the date assigned very near the southern

corner of Sicily might have enveloped his fleet, and that no

other eclipse by possibility could have done so.

(933 c.) The " eclipse of Larissa " is related by Xenophon

to have caused the capture of the Asiatic city of that name,

by producing a panic terror in its Median defenders, of which

the Persian besiegers took advantage. The site of Larissa

has been satisfactorily identified by Mr. Layard with !NiM-
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ROUDj and a pyramid of stone close to it (the city being of

burnt brick on a substructure of stone) is expressly men-

tioned by Xenophon, the remains of which still exist ; as well

as those of a neighbouring castle near Mespila (Mosul) built

of shelly stone, (also expressly mentioned as such by the Greek

historian). According to Hansen's tables the total eclipse

of Aug. 15th, B.C. 310, passed centrallT/ over Nimroud, and,—
the total shadow being in this instance a very small one, not

exceeding some 25 miles in diameter,—we are thus presented

with a datum, in those remote times, having all the precision

of a most careful modern observation, not only for establish-

ing a chronological epoch, but for affording a point of refe-

rence in the history of the moon's motion. The eclipse of

Sticklastad is of no historical importance.*

(934.) The days thus parcelled out into years, the next

step to a perfect knowledge of time is to secure the identifi-

cation of each day, by imposing on it a name universally

known and employed. Since, however, the days of a whole

year are too numerous to admit of loading the memory with

distinct names for each, all nations have felt the necessity of

breaking them down into parcels of a more moderate extent

;

giving names to each of these parcels, and particularizing the

days in each by numbers, or by some especial indication.

The lunar month has been resorted to in many instances

;

and some nations have, in fact, preferred a lunar to a solar

chronology altogether, as the Tui-ks and Jews continue to do

to this day, making the year consist of 12 lunar months, or

354 days. Our own division into twelve unequal months is

entirely arbitrary, and often productive of confusion, owing

to the equivoque between the lunar and calendar month.

f

The intercalary day naturally attaches itself to February as

the shortest month.

• The solar eclipse in the first year of the Peloponnesian War, which was total

at Athens, "some stars becoming visible," accordinji to Thucyciidcs, deserves lo
be recomputed. See Heis. He supposes the eclipse not total, and tlie " stars " to
have been planets.

t " A month in law is a lunar month or twenty-eight days," (! ! see Art.
418.) '• unless otherwise expressed."— Blac/istnne, ii. cliap. 9. : "a lease for twelve
months is only for foi-ty-ei;^ht weeks." Ihiil.; yet the same eminent authority
(Introd. § 3.) informs us thiit "the law is the perfection of reason," and that
" what is not reason i.s not law."
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(935.) Astronomical time reckons from the noon of the

current day ; civil from the preceding midnight, so that the

two dates coincide only during the earlier half of the astrono-

mical and the latter ofthe civil day. This is an inconvenience

which might be remedied by shifting the astronomical epoch to

coincidence with the civil. There is, however, another incon-

venience, and a very serious one, to which both are liable,

inherent in the nature of the day itself, which is a local phasno-

menon, and commences at different instants of absolute time,

under different meridians, whether we reckon from noon,

midnight, sunrise, or sunset. In consequence, all astronomical

observations require in addition to their date, to render them

comparable with each other, the longitude of the place of

observation from some meridian, commonly respected by all

astronomers. For geographical longitudes, the Isle of

Ferroe has been chosen by some as a common meridian,

indifferent (and on that very account offensive) to all nations.

Were astronomers to follow such an example, they would

probably fix upon Alexandria, as that to which Ptolemy's ob-

servations and computations were reduced, and as claiming

on that account the respect of all while offending the national

egotism of none. But even this will not meet the whole

difficulty. It will still remain doubtful, on a meridian 180°

remote from that of Alexandria, what day is intended by any

given date. Do what we will, when it is Monday the 1st of

January, 1849, in one part of the world, it will be Sunday

the 31st of December, 1848, in another, so long as time is

reckoned by local hours. This equivoque, and the necessity

of specifying the geographical locality as an element of the

date, can only be got over by a reckoning of time which

refers itself to some event, real or imaginary, common to

all the globe. Such an event is the passage of the sun

through the vernal equinox, or rather the passage of an

imaginary sun, supposed to move with perfect equality,

through a vernal equinox supposed free from the inequalities

of nutation, and receding upon the ecliptic with perfect uni-

formity. The actual equinox is variable, not only by the
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effect of nutation, but by that of the inequality of precession

resulting from the change in the plane of the ecliptic due to

planetary perturbation. Both variations are, however, pe-

riodical, the one, in the short period of 19 years, the other,

in a period of enormous length, hitherto uncalculated, and

whose maximum of fluctuation is also unknown. This would

appear, at first sight, to render impracticable the attempt to

obtain from the sun's motion any rigorously uniform measure

of time. A little consideration, however, will satisfy us that

Buch is not the case. The solar tables, by which the apparent

place of the sun in the heavens is represented with almost

absolute precision from the earliest ages to the present time,

are constructed upon the supposition that a certain angle,

which is called " the sun's mean longitude," (and which is

in effect the sum of the mean sidereal motion of the sun, plus

the mean sidereal motion of the equinox in the opposite

direction, as near as it can be obtained from the accumulated

observations of twenty-five centuries,) increases with rigorous

uniformity as time advances. The conversion of this mean
longitude into time at the rate of 360° to the mean tropical

year, (such as the tables assume it,) will therefore give us
both the unit of time, and the uniform measure of its lapse,

which we seek. It will also furnish us with an epoch, not

indeed marked by any real event, but not on that account

the less positively fixed, being connected, through the medium
of the tables, with every single observation of the sun on
which they have been constructed and with which compared.

(936.) Such is the simplest abstract conception of equi-

noctial time. It is the mean longitude of the sun of some

one approved set of solar tables, converted into time at the

rate of 360° to the tropical year. Its unit is the mean
tropical year which those tables assume, and no other, and its

epoch is the mean vernal equinox of these tables for the

current year, or the instant when the mean longitude of the

tables is rigorously 0, according to the assumed mean motion
of the sun and equinox, the assumed epoch of mean longitude,

and the assumed equinoctial point on which the tables have
been computed, and no other. To give complete effect to
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this idea, it only remains to specify the particular tables

fixed upon for the purpose, which ought to be of great and

admitted excellence, since, once decided on, the very essence

of the conception is that no subsequent alteration in any respect

should he made, even when the continualprogress of astronomical

science shall have shown any one or all of the elements concerned

to be in some minute degree erroneous (as necessarily they

must), and shall have even ascertained the corrections they

require (to be themselves again corrected, when another step

in refinement shall have been made).

(937.) Delambre's solar tables (in 1828) when this mode

of reckoning time Mas first introduced*, appeared entitled to

this distinction. According to these tables, the sun's mean

longitude was 0°, or the mean vernal equinox occurred, in the

year 1828, on the 22d of March at 1^ 2^ 59^-05 mean time

at Greenwich, and therefore at l^^ 12™ 20»-65 mean time at

Paris, or 1^ 56°^ 34^-55 mean time at Berlin, at which instant,

therefore, the equinoctial time was 0^^ 0" 0-00, being the

commencement of the 1828th year current of equinoctial

time, if we choose to date from the mean tabular equinox,

nearest to the vulgar era, or of the 6541st year of the Julian

period, if we prefer that of the first year of that period.

(938.) Equinoctial time then dates from the mean vernal

equinox of Delambre's solar tables, and its unit is the mean

tropical year of these tables
(365'i-242264). Hence, having

the fractional part of a day expressing the difference between

the mean local time at any place (suppose Greenwich) on

any one day between two consecutive mean vernal equinoxes,

that difference will be the same for every other day in the

same interval. Thus, between the mean equinoxes of 1828

and 1829, the difference between equinoctial and Greenwich

time is 0<»'-956261 or Q'' 22'^ 57"" 0=-95, which expresses the

equinoctial day, hour, minute, and second, corresponding to

mean noon at Greenwich on March 23, 1828, and for the

noons of the 24th, 25th, &c., we have only to substitute Id,

2d &c. for 0^ retaining the same decimals of a day, or the

same hours, minutes, &c., up to and including March 22,

* On the instance of the author of these pages.
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1829. Between Greenwich noon of the 22cl and 23d of

March, 1829, the 1828th equinoctial year terminates, and
the 1829th commences. This happens at O"^* 286003, or at
gh Qira 503-66 Greenwich mean time, after which hour, and
until the next noon, the Greenwich hour added to equinoctial

time 364'^-956261 will amount to more than 365-242264, a

complete year, which has therefore to be subtracted to get

the equinoctial date in the next year, corresponding to the

Greenwich time. For example, at 12^^ 0™ 0' Greenwich
mean time, or 0<^-500000, the equinoctial time will be
364-9562610+ •500000= 360-456261, which being greater

than 365-242264, shows that the equinoctial year current has

changed, and the latter number being subtracted, we get
0*^-213977 for the equinoctial time of the 1829th year current

corresponding to March 22, 12'^ Greenwich mean time.

(939.) Having, therefore, the fractional part of a day
for any one year expressing the equinoctial hour, &c., at the

mean noon of any given place, that for succeeding years will

be had by subtracting 0'^-242264, and its multiples, from such
fractional part (increased if necessary by unity), and for pre-

ceding years by adding them. Thus, having found 0-198525
for the fractional part for 1827, we find for the fractional

parts for succeeding years up to 1853 as follows*: -
1828 •956961 1835 •260413 1842 S64S65 •1848 •110981
1829 •713997 1836 018149 1843 •322301 1849 •86S717
1830 •471733 1837 •775885 1844 •080037 1850 •626453
1831 •229469 1838 •533621 1845 •837773 1851 •384189
1832 •987205 1839 •291357 1846 •595509 1852 •141925
1833 •744941 1840 •049093 1847 •353245 1853 •899661
1834 •502677 1841 •806829

* These numbers differ from those in the Nautical Almanack, and would
require to be substituted for them, to carry out the idea of equinoctial time as
above laid down. In the years 1828— 1833, the late eminent editor of that
work, Dr. Young, used an equinox slightly differing from that of Uelambre,
which accounts for the difference in those years. In 1834, it would appear that
a deviation both from the principle of the text and from the previous practice of
that ephemeris took place, in deriving the fraction for 1834 from that for 1833,
which has been ever since perpetuated. It consisted in rejecting the mean
longitude of Delambre's tables, and adopting Bessel's correction of that element.
The effect of this alteration was to insert 3-" 3'^68 ofpurch/ imagitmry time between
the end of the equinoctial year 1833 and the beginning of 1834, or, in other words,
to make the intervals between the noons of March 22 and 23, 1834, 24'' 3"" 3«'68'
when reckoned by equinoctial time. In 1835, and in all subsequent years, a fur-
ther departure from the principle of the text took place by substituting Bessel's

T Y
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tropical year of 365-2422175 for Delambre's. Thus the whole subject fell into

confusion. Under the present eminent superintendent of the Nautical Alma-
nack a compromise has been effected— a fixed equinoctial year of 365'242'216

mean solar days has been adopted (and it is to be hoped will henceforward be

adhered to), and corrections stated by which the data in the Almanacks for 1828

—1834 may be brou<i;ht into consistency with those in after years. According

to this arrangement the fractional parts in question for 1823— 1856 will run as

follows :

—

1828 •958321 1836 •020593 1843 •325081 1850 •629569

1829 •716105 1837 •778377 1844 •082865 1851 •387353

1830 •473889 1838 •536161 1845 •840649 1852 •145137

1831 •231673 1839 •293945 1846 •598433 1853 •902921

1832 •989457 1840 •051729 1847 •356217 1854 •660705

1833 •747241 1841 •809513 1848 •114001 1855 •418489

1834 •505025 1842 •567297 1849 •871785 1856 •176273

1835 •262809

[Note (A) on Art. (916.)

A rule proposed by Omar, a Persian astronomer of the court of Gelaleddin

Melek Schah, in a.d. 1079, (or more than five centuries before the reformation of

Gregory) deserves notice. It consists in interpolating a day, as in the Julian

system, every fourth year, only postponing to the 33d year the intercalation

which on that system would be made in the 32d. This is equivalent to omitting

the Julian intercalation altogether in each 128th year (retaining all the others).

To produce an accumulated error of a day on this system would require a lapse

of 5000 years, so that the Persian astronomer's rule is not only far more simple,

but materially more exact than the Gregorian.]

iN'ote (B) on Table, Art. (926.)

The civil epochs of the Metonic cycle, and the Hejira, are each one day

later than the astronomical, the latter being the epochs of the absolute new

moons, the former those of the earliest possible visibility of the lunar crescent

in a tropical sky. M. Blot has shown that the solstice and new moon not

only coincided on the day here set down as the commencement of the Callippic

cycle, but that, by a happy coincidence, a bare possibility existed of seeing the

crescent moon at Athens within that day, reckoned from midnight to midnight.']

[Note (C) on Art. (932.)

The reformation of Gregory was, after all, incomplete. Instead of 10 days

he ought to have omitted 12. The interval from Jan. 1, a. d. 1, to Jan. 1, a. d.

1582, reckoned as Julian years, is 577460 days, and as tropical, 577448, with

an error not exceeding 0*'01, the difference being 12 days, whose omission

would have completely restored the Julian epoch. But Gregory assumed for

his fixed point of departure, not that epoch, but one later by 324 years, viz.

Jan. 1, A.D. 325, the year of the Council of Nice; assuming which, the dif-

ference of the two reckonings is 9^ '505, or, to the nearest whole number, 10

days. To such as may have occasion, in an insulated case, to compute the

interval between the beginnings of two proposed years, or the number of

days elapsed from Jan. 1st 0" of the one to Jan. 1 st O"" cf the other, the fol-

lowing formula will be found useful, in which it is to be observed that the

notation = is used to express the integer portion only of the quotient when
n

one number m is divided by another n, and where D is the number of days

required.
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Case 1.—Years before Christ—from b.c. x to a.d, 1.

X + 4
D = X . 365 + ===

4

Case 2.—Years after Christ—from a.d. 1 to a,ij. t.

X — 1

(A) D = (x- 1>.S65 + =^
X — \ X — 200 .r

(B) D = (X - 1). 365 += - + =
where the formula (A) is to be used if the later date (.r) is hefore the change of?

style in that particular country for which the calculation is made, and (B) if

\Note (D), Art. (223 «.)

(223 a.) Since the table of measured arcs in Art. 216 was

compiled, vast additions have been made to our knowledge of

the true figure and dimensions of our globe; especially

through the extension of the two great arcs of Russia and

India, the former of which has been enlarged to an amplitude

of 25° 20', the latter to 21° 21'. The whole series of geo-

desical measurements of any authority, executed in all parts

of the world (these and the French arc, the next in mag-

nitude, of course included), have been lately combined under

one general and comprehensive system of calculation by

Capt. A. R. Clarke, R.E., in an elaborate memoir (Mem. R,

Ast. Soc. vol. xxix. 1860), of which the final result (in-

cluding some slight subsequent corrections) may be stated as

follows :

—

The earth is not exactly an ellipsoid of revolution. The

equator itself is slightly elliptic, the longer and shorter

diameters being respectively 41,852,864 and 41,843,096 feet.

The ellipticity of the equatorial circumference is therefore

T-alTj and the excess of its longer over its shorter diameter

about two miles. The vertices of the longer diameter are

situated in longitudes 14° 23' E. and 194° 23' E. of Green-

wich, and of its shorter in 104° 23' and 284° 23' E. The
polar axis of the earth is 41,707,796 feet in length, and

consequently the most elliptic meridian (that of long. 14° 23'

and 194° 23') has for its ellipticity ~, and the least so (that

of long. 104° 23' and 284° 23') an ellipticity ~.
Y Y 2
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Genei-al Schubert also (Mem. Imp. Acad. Petersb. 1859)

has arrived at a somewhat similar conclusion, by a totally-

different (and, as appears to us, less general and definitive)

system of calculation. He makes the ellipticity of the

equator aaVs' places the vertices of its longer axis

26° 41' to the eastward of Capt. Clarke's. His polar axis, as

deduced from each of the three great meridian arcs, the

Russian, Indian, and French respectively, is 41,711,019,

41,712,534, and 41,697,496 feet, the mean of which, giving

to each a weight proportional to the length of the arc from

which it is deduced*, is 41,708,710.

A very remarkable consequence follows from these results.

If we reduce the polar axis last found to British imperial

inches, the result is 500,504,520, exceeding 500,500,000 by

4520 in. On the other hand, Capt. Clarke's result similarly

reduced is 500,493,552, falling short of 500,500,000 by

6448 in., so that we may take 500,500,000 inches for the

length of the earth's polar axis, with every probability of

being within 150 yards of the truth. Were our imperial

standard of length, then, increased by exactlT/ one-thousandth

part, the inch, foot, yard, &c. retaining their present re-

lative proportions, our inch would then be, with all but

mathematical precision, one five-hundred-millionth part of

the earth's polar axis, a unit common to all the world.

And, what is still more remarkable, if at the same time our

standard of weight were increased by one 2,600th part (or

one-seventh of a grain on the ounce), an ounce of distilled

. water, at our present standard temperature of 62° Fahr.,

would occupy precisely one-thousandth part of our {then)

cubic foot, and our half-pint precisely one-hundi-edth. Thus,

by a change such as would be absolutely unfelt in any com-

mercial transaction, we should be put in possession of a

modular or geometrical system (Avhich we might decimahze if

thought proper) far superior both in principle and in accuracy

to anything which has yet been devised on the important

* This is not Gen. Scluibcrt's mode of procedure. He arbitrarily excludes

the result of the French arc, and gives the Russian double the weight of the

Indian—a procedure manifestly unfair.
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subject of a national system of weiglits and measures, the

French metrical system not excepted.

[Note (E) on Art. 234.

Mr. Broun of Edinburgh, and M. Babinet of Paris, have each separately and.

independently devised extremely ingenious applications of the principle of the

torsion balance, to bring into eqailibrium the force of gravity and the elastic

force of a metallic spring, with a view to utilize the method here suggested of

ascertaining the variation of gravity. It were much to be desired that botli

their methods should be brought to the test of practical trial.]

[Note (F), Art. (357).

(357 a.) A series of concerted observations of the differ-

ences of apparent declinations between the planet Mars and

neighbouijng fixed stars, set on foot at the instance of

M. Winnecke, during its last opposition, which took place

under circumstances of proximity to the earth particularly

favourable to the determination of its parallax, has resulted

in assigning to that planet a parallax greater by about one-

twenty-seventh part than that which would correspond to

its distance as computed for the time by the hitherto assumed

dimensions- of the planetary orbits. The conclusion of course

is, that these dimensions (including the earth's distance from

the sun) have been over-estimated by that fractional part of

their value ; that the sun's parallax, in place of 8"*6, ormore

exactly 8"'5766, should be set down at 8"-8953, and its

distance at 91,600,000 instead of 95,000,000 miles. Now it

is strongly corroborative of this conclusion, and, at the same

time, affords a sticking instance of the way in wliich the

several departments of science depend on and illustrate one

another, that a correction in the same direction, and to

nearly the same amount, is indicated by a recent redeter-

mination, by direct experiment, of the velocity of light by
M. Foucault ; who finds that velocity not only less than that

concluded by M. Fizeau's experiments (see Art. 545), but

even less than the commonly received estimate of 192,000

miles per second, by about the same fractional part. Light,

as shown in Art. 545, travels over the diameter of the earth's

orbit in 16*" 26''*6'; and the time remaining the same, a dimi-
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nished speed corresponds to a diminished diameter, and

therefore the sun's distance computed from the velocity so

determined, and the time as given by observation, will come

to be diminished in the same proportion. These and several

other conspiring indications lead to an extremely strong pre-

sumption that all the dimensions of our system have been

overrated., and should be diminished by about one-twenty-

eighth part.

(357 I h.) In strong corroboration, or rather in full con-

firmation, of this presumption, it must be especially noticed,

tliat quite recently the whole subject of the reduction of

the transit observations of 1769 has been resumed by Mr.

Stone in a memoir for which the gold medal of the Astrono-

mical Society for 1869 has been awarded to him, in which

he has clearly shown that the received result of those

observations has been vitiated by a misinterpretation of the

expressions used by the observers in describing the pliae-

nomena of the external and internal contacts of the hmb

of Venus with that of the sun, which are complicated Avith

certain optical appearances materially influencing the es-

timation of their tunes of happening ; and that when those

expressions are taken according to their real and legitimate

meaning, and duly calculated on, they afford a value for

the -solar parallax of 8"-91 with a probable error of 0"-03

(in place of the hitherto received value, 8"-5776), agreeing

very precisely with the value (8" '943) deduced by him

from the assemblage of comparative observations of Mars in

hk opposition of 1862, instituted at Greenwich, the Cape of

Good Hope, and Williamstown, Victoria, N. S.W.

(357 c.) The distances being diminished in any ratio, the

estimated masses will require to be diminished also, in the

ratio of the cubes of tlie distances ; for all the distances will

have to be reckoned on a new scale, and among the rest the

diameters of tlie orbits of all satelUtes (the moon excepted)

;

and as the squares of the periodic times are as the sums of

the masses directly and the cubes of the distances inversely,

the times remaining unchanged the masses must be di-

minished in the same proportion as those cubes.
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(357 d.) The time is not yet come for a complete and

final determination of the exact " coefficient of diminution
"

to be applied to our planetary elements. The whole matter

is too recent, and we must wait for the next transits of

Venus in 1874 and 1882 for a full and precise settlement of

this important question. Meanwhile, therefore, and pro-

visionally, the reader will bear in mind that in all our

numerical statements of distances (those of the fixed stars

and the velocity of light inclusive, but that of the moon ex-

cepted), as well in the text as in the tables of elements, the

numbers set down have to be duninished by one twenty-

ei*yhth of theii- value, and in the case of the masses (the

moon's excepted) in the ratio of 27^ :
28^ or of 0-89664 to 1.

(357 e.) The superficial reader (one of a class too nu-

merous) may think it strange and discreditable to science to

have erred by nearly four millions of miles in estimating the

sun's distance. But such may be reminded that the error

of 0"-32 in the sun's parallax, on which the correction turns,

corresponds to the apparent breadth of a human hair at 125

feet, or of a sovereign at 8 miles off, and that, moreover,

this error has been detected and the correction applied ;
and

that the detection and correction have originated with the

friends and not with the enemies of science.'\

\_Note (G), Art. (387 a.)

This curious appearance of the "pores" of the sun's

surface has lately received a most singular and unex-

pected interpretation from the remarkable discovery of Mr.

J. Nasmyth, who, from a series of observations published in

the Memoirs of the Lit. and Phil. Society of Manchester for

1862, made with a reflecting telescope of his own construction

tinder very high magnifying powers and under exceptional

circumstances of tranquillity and definition, has come to the

conclusion that these pores are the polygonal interstices

between certain luminous objects of an exceedingly definite

shape and general uniformity of size, whose form (at least as

seen in projection, in the central portions of the disc) is that
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of the oblong leaves of a willow tree. These cover the

whole disc of the sun (except in the space occupied by spots)

in countless millions, and lie crossing each other in every

imaginable direction. A representation copied from the

figure in Mr. Nasmyth's memoir (the engraver being aided

by photographs from his original drawings obligingly sup-

plied by him for the purpose) of the structure of the general

luminous surface, is given in our Fig. 1, Plate B, while

Fig. 2 of the same plate exhibits their arrangement at the

borders and in the penumbrae of a spot. This most asto-

nishing revelation has been confirmed to a certain consider-

able extent, and with some modifications as to the form of the

objects, their exact uniformity of size, and resemblance of

figure, by Messrs. Delarue, Pritchard, and Stone, in England,
and M. Secchi in Eome. Mr. Stone compares them to rice

grains, others to bits of straw. They strongly suggest the

idea of solid bodies sustained in equilibrio at a definite level

(determined by their density) in a transparent atmosphere

passing hy every gradation of densityfrom that of a liquid to

that of the rarest gas by reason of its heat and the enormous

superinciunbent pressure (as in the experiments of M.
Cagniard de la Tour on the vaporization of liquids under

high pressure) ; their luminosity being a consequence of their

solidity
; transparent and colourless fluids radiating no light

from their interior however hot.''*'

(387 5.) In speaking of the intimate nature of the sun's

luminous envelope, the remarkable phtenomenon witnessed

on the 1st of September, 1859, by two independent ob-

servers, Mr. Carrington and Mr. Hodgson, ought not to

be passed in silence. These two gentlemen viewing the

sun, each at his own residence and without previous concert,

• Such is the vievr of their nature and of that of the solar photosphere sug-

gested by the author in a paper " On the Solar Spots," published in the

Quarterly Journal of Science for April, 1864. M. Fayc, in a Memoir read to

the French Academy in January, 1865, has arrived at a conclusion nearly

analogous. It ought to be noticed that Mr. Dawes still professes himself

dissatisfied as to the existence of these objects.
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at the same instant of time on that day, were both surprised

by the sudden appearance, in the immediate confines of a

large irregular spot, of what seemed to be two luminous

clouds, much more brilliant than the cjeneral surface of the

sun. They lasted about five minutes, and disappeared

almost instantaneously, sweeping in that interval among the

details of the spot, with a visible progressive motion, over a

space which could not be estimated at less than 35,000 njiles.

The magnetic needle, as was afterwards ascertained, under-

went a considerable and sudden disturbance at that very

time; and the phasnomenon, indeed, occurred during the

continuance of one of the most remarkable and universal

" magnetic storms " on record.

(387 c c.) To Mr. Carrington, also, we owe a long-con-

tinued and most elaborate series of observations of the solar

spots (contained in a memoir recently presented to the

E-oyal Society), continued through a whole period of their

maximum and minimum frequency: arriving at the con-

clusion that the period of rotation of a spot is dependent on

its heliographical latitude; those on and near the sun's

equator being carried round more swiftly than those in

tiorthern and southern latitudes. The empilical law at

which he arrives as a mean expression of all his observations

assigns for the movement of rotation per diem of a spot in

heliographical latitude Z

865'- 165' (sin Z)

so that a spot on the equator will make a complete sidereal

revolution in 24'^'202—one in N. or S. latitude 15° in

25''-44, and in 30° N. or S. in 26^"24:.

(387 d d.) The confinement of the spots to a region

limited both ways in latitude and rarely beyond 30° on

either side of the solar equator, as well as the frequency of

their arrangement along parallels of latitude, has already

(art. 393) given us ground to conclude the existence of

a circulation in the solar atmosphere relatively to the solid

body of the sun, and to surmise an analogy between the

cause of that circulation and that of the trade winds in our



698 OUTLINES OF ASTRONOMY.

own atmosphere. It has been suggested* that, o^ving to

oblateness in the solar atmosphere, its greater depth in the

equatorial regions might be conceived to oppose the free

escape of heat more than in the polar, and so might give

rise to a permanent inequality of temperature in the two

regions from which movements analogous to those winds

must of necessity originate. Were this the case, however,

one of the results would (of equal necessity) be the pro-

duction of an equatorial region of calm. Supposing our

eartli so covered with cloud that a spectator without could

never see the solid body, and could judge only of its rotation

from the observed circulation of dark masses of its clouds

;

he might, it is true, conclude correctly the time of rotation

of the solid body from observation of cloudy masses in the

higher strata either on the equator or in high latitudes;

but in the two intermediate zones north and south of the

equator, he would conclude a greater rapidity of rotation,

owing to the general westerly tendency of the upper aerial

currents in those zones. In proceeding then from the poles

towards the equator, he would find, first, an apparent

acceleration, then in certain latitudes and S. a maximum

of rotary velocity, and thence up to the equator a com-

parative retardation. Mr. Carrington's law is therefore

incompatible with this supposed analogy, and we must look

elsewhere for its explanation. The only one which seems

at all satisfactory is that of external force impressing such

a movement; and thus we fall back upon the frictional

impulse of circulating planetary matter in process of sub-

sidence into and absorption by the central body. The

rotation of the sun, it wiU be remembered, is very much

Blower than that of a pLanet revolving just clear of its sur-

face—a fact perfectly in unison with that theory of the

formation of our system to which the tenn " the nebular

hypothesis" (arts. 871. 872) has been applied, according to

which the central body has resulted from the aggregation

of all the matter assembling from every quai'ter, whose

• Results of Astronomical Observations at the Cape of Good Hore. p. 43^.
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movements conflicting would destroy eacii other, leaving only

as a surplus that small portion of rotation in one direction

which remained outstanding. The same considerations

render an equally plausible account of the intense heat of

the central body.]

{_Note (H), Art. (430 a.)

The enormous size and vast depth of many of the lunar

craters, far surpassing, in both respects, anything observed

on our globe, are certainly very striking features, but are

easily reconcileable with what we know of the special con-

ditions which obtain on the moon's surface. For while on

the one hand the force of volcanic explosion and ejection is

nowise dependent on the total mass of the planetary body

on which the volcano may subsist, the repressing power to

prevent an outbreak, which is the weight of the incumbent

matter, is only about one-sixth of what an equal mass of

overlying matter would exert on the earth, the force of

gravity on the moon being less than that on the earth in

that proportion. Again, when disrupted and scattered in

fragments, the force generating their velocity of projection

being the same, and therefore also that velocity, the broken
fragments, stones, scorias, &c. ejected would be hurled to

far greater distances, being less powerfully coerced by
gravity, in the same ratio. Most of the ejected matter

would therefore fly out beyond the rims of the craters,

instead of falling back to refill them. And lastly, we have
to add, the absence of the resistance of an atmosphere—that

powerful coercer of projectile range here on earth.

(430 b Changes in the aspect and configuration of par-

ticular portions of the lunar disc have been often suspected,

but no satisfactory evidence had been obtained of anything

which could not be accounted for, either by the diflference of

optical power in the telescopes used, or by difference of pre-

sentation to the solar rays, or to those reflected from the earth.

Quite recently, however, on the 16th of October, 1866, the

crater marked as A in Lohrmann's Chart (sec. iv.), and desig-
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nated by Miidler under the name " Linnaeus " (a crater five

miles and a half in diameter, and very deep, and which had

served those selenographers as a zero-point of the first class

for their micrometrical measurements), has been declared by

Professor J. Sclunidt, Director of the Observatory at Athens,

to have altogether disappeared, and to be replaced by a

smooth surface unmarked by any shadow ! Subsequent

observations made by him in November and December,

under the most favourable circumstances as to solar illumi-

nation, failed to show any signs of the missing crater, though

other much smaller ones in the neighbourhood were readily

perceived. The most plausible conjecture as to the cause of

this disappearance seems to be the filling up of the crater

from beneath by an effusion of viscous lava, which, over-

flowing the rim on all sides, may have so flowed down the

outer slope as to efface its ruggedness and convert it into a

gradual declivity casting no stray shadow.}

[Note (I) 071 Art. (437.)

Our Plate C exhibits the appearance of a very rough and volcanic portion of

tlie moon's surface as modelled from telescopic observation by Mr. Nasmyth, the

engraving being taken from the photograph of the original model kindly fur-

nished by him for the purpose. A very ingenious idea of Sir C. Wheatstone

has enabled the photographer to produce stereoscopic views of the moon, present-

ing it, not as a flat disc, but as a sphere, with all the mountains in full relief,

and with all the appearance of a real object. Owing to the libration of the

moon (Art. 435) the same point of her surface is seen sometimes on one side of

the center of her disc, and sometimes on the other, the effect being the same as

if, the moon remaining fixed, the eye were shifted from right to left through an

angle equal to the total libration. Now this is the condition on which stereo-

scopic vision depends : so that by choosing two epochs in different lunations in

which the moon shall be presented in the two aspects best adapted for the pur-

pose, and in the same phase of illumination (which tlie annual motion of the earth

renders possible, by bringing tlie moon to the same elongation from the sun, in

different parts of her own elliptic orbit), and taking separate and independent

photographs of it in each aspect, the two stereoscopically combined, so com-

pletely satisfy all the requisite conditions as to sliow the spherical form just as a

giant might see it whose stature were such that the interval between his eyes

should equal the distance between the place where the eartli stood when one

view was taken, and that to which it would have to be removed (our moon being

fixed) to get the other. Nothing can surpass the impression of real corporeal

form thus conveyed by some of these pictures as taken by Mr. Delarue with his

powerful reflector, the production of which (as a step in some sort taken by man

outside of the planet he inhabits) is one of the most remarkable and unexpected

triumphs of scientific art.

Mr. Birt has recently bestowed much pams on the frequent and minute

scrutiny of particular and limited regions of the lunar surface.]
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INote (J).

(859 a.) It IS not necessary that the companion body-

producing these disturbances of proper motion should be non-

luminous. Nothing prevents that it should be a small com-

panion star which, though invisible to ordinary telescopes, or

lost in the brightness of the disturbed luminary, may become

visible through telescopes of increased power. Antares has

such a minute companion at only 12" distance, a Lyrce at

43", and Procyon at 46". A disturbance in the regular

progression of proper motion, of the conspicuous star, peri-

odical in its nature, both in E.A. and in N.P.D., would

arise from the displacement of the larger star around the

common center of gravity, however comparatively massive,

and (mass for mass) greater the greater the distance of the

individuals. It was not, therefore, without much interest

that astronomers received the announcement of the recent

detection of a small companion of Sirius, by Mr. Alvan

Clarke, a most eminent and successful constructor of large

achromatic telescopes, by means of an instrument of this

description constructed by him of 18 inches aperture.

According to Messrs. Rutherford, Bond, and Chacornac,

this companion is at present situated at about 10" distance,

nearly following Sirius. It remains to be examined, however,

by a series of observations of distance and position continued

for many years, 1st, Whether this star really is a satellite

or binary companion of the principal star — a conclusion

to which some have jumped (not unnaturally)
;
and, 2nd,

Whether, if so, its attraction will explain the observed

inequalities of proper motion, which by no means follows of

course : far more so, as M. Goldschmidt assures us that,

with a telescope of very inferior power to that of Mr.

Clarke, he has detected no less than six small companions

of Sirius at distances from 10" to 60". Should this be

verified, we have our choice of disturbing influences ; and

it would be hard if the minute displacements, respecting

which Messrs. Auwers and Peters agree (or any other) could

not be plausibly explained antecedently to the indispensable

verification of a real physical connexion. Meanwhile the
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conclusions of these geometers rest upon observed inequali-

ties in E..A. only. Professor SafFord, of Ann Arbor., U.S.,

has, however, investigated those in polar distance, and finds

that they are alike reconcileable with an elliptic, orbital

motion, with one not incompatible with that previously

assigned, and with the hypothesis that the newly discovered

star, so far as it has yet been observed, is really the dis-

turbing body.

(859 6 b.) Spectrum analysis (see Note M) has of late

been applied by various observers with great diligence and

success to the light of the fixed stars, and even to that of

the nebulee. Those of the stars are found to exhibit

(variously for different stars) many of those fixed lines

which are considered characteristic of chemical elements

such as are found in our planet. In applying this method

of examination to Sirius, however. Dr. Huggins has found
^

that the brightest of three lines characteristic of hydrogen

corresponds to a position in the spectrum of that star very

slightly differing from the position of the same line in the I

solai spectrum, and that, in point of fact, the index of re-

fraction of the prism employed for that line in the stellar

spectrum is less, by a minute but measurable quantity, than

in the solar. To interpret this observation, it must be

remembered that the undulatory theory of light postulates,

as a condition indispensable to its interpretation of the

different refrangibility of the rays, that the velocity of pro-

pagation of a luminous undulation icithin the refracting

medium shall depend (according to some la^v depending on

the physical nature of the medium) on its wave-length on

arriving at the refracting surface; or, iu other words, on the

number of its undulations per second which are incident on

that surface ; the longer waves or less number per second

corresponding to the lower degree of refrangibility. Sup-

pose now a certain ray to originate iu Sirius from some

vibratory movement of a particle of its matter producing

isochronous impulses of a certain determinate frequency on

the luminiferous ether. Sirius being at any definite distance

from the earth at the moment of the first impulse, that

impulse will reach the prism at a certain moment j
and were
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the star and earth relatively at rest, its successors would

follow it up and reach the refracting surface at intervals of

time precisely equal to those of their origination. But if

the star and earth be receding from each other with any

uniform velocity, the next succeeding impulses, having each

in succession a greater and greater distance to travel, will

require a longer and longer time to arrive; or, in other

words, the intervals of time between the arrivals of successive

impulses will exceed the intervals between their original

production, each by as much time as it would take a ray of

lio-ht to travel the distance run over by Sirius from the

earth between two consecutive impulses. Arrived at the

prism then, the ray consisting of these vibrations will have

a lower refrangibility than if the distance of the star from

the earth had remained unaltered ; and the amount of this

difference being ascertained (by a most nice and delicate

process of observation), the ratio of the relative velocity of

recess of the star from the earth to that of light can be

ascertained. Referring for details to Dr. Huggins' memoir,*

we may state, as his final conclusion, 41 '4 miles per second

for this relative velocity, of Avhich, at the time of observa-

tion, 12 miles per second were due to the motion of the

earth in its orbit
;
leaving 29"'4 per second, or 2,540,000™

daily, for the increase of distance between Sirius and our

system. The validity of this conclusion rests, of course, on

the assumption (for in the absence of observation of other

lines in the spectrum it can be only such) that the fixed Kne

observed is due to hydrogen, and not to some other (un-

known) chemical element.

[_Note (K), Art. (896 a.)

Several objects observed as nebulas are now missing from

the heavens. They are such as have been (for the most

part) only once observed, and may reasonably be supposed

to have been telescopic comets. This, indeed, has in one

instance proved to have been really the case
; as, by tracing

back the path of the 2nd comet of 1792 to the date of the

» Phil. Trans. 1868.
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observation of a nebula discovered by Maskelyne on Feb.

14, 1793, but which is now missing, it appears to have

really occupied that place (K.A. 2^ 39"", N.P.D. 46° 15') at

that time. But, besides these, there are cases in which a

nebula, undoubtedly such, has either disappeared and re-

appeared in the same place, or has undergone some remark-

able change of brightness
;

or, lastly, has been observed as a

conspicuous object in a part of the heavens so well-known

as to make it exceedingly improbable that it should have

escaped all previous observation.

(896 ^'.) On the 11th Oct. 1852, Mr. Hind discovered a

nebula in Taurus, previously unnoticed—in R.A. 4'^ 14™,

N.P.D. 70° 49' (1860). He saw it repeatedly, and in 1855

and 1856 it was reobserved by M. D'Arrest. On the 3rd

Oct. 1861, M. D'Arrest missed it. " Hujus nebulae . . .

ne umbram quidem," he says, " detegere valeo. Attamen

semel ac saspius a me annis 1855 et 1856 observata est,

ejusque locus quater determinatus." On Dec. 29, 1861, it

was again seen, though with the utmost difficulty, in the

great Pulkowa refractor by M. Otto Struve, after which

it had so far increased in brightness on March 22, 1862, as

to bear a faint illumination of the wires.

(896 c.) On Sept. I, 1859, Mr. Tuttle discovered a nebula

notpreviously observed, in R. A. IS'^ 23"^ 55% N.P.D. 15° 29'

48" (1860). This nebula is described by M. Auwers as

pretty bright and elongated in form. On the night of

Sept. 24, 1862, it appeared to M. D'Arrest so brilliant and

remarkable that he considers it impossible it should have

been overlooked (if then so conspicuous) in the sweeps made

by my father and myself over that part of the heavens.

(896 d.) Mons. Chacornac has recently announced in the

« Bulletin Meteor, de Paris,' under date of April 28, 1863,

the discovery of a nebula in Taurus, in R.A. 5^ 29° 4",

N.P.D. 68° 52' 20" (1860), so conspicuous as to render its

non-previons discovery most improbable, in a portion of the

heavens so frequently under inspection, if always of its

present brightness.

(896 e.) Certainly the last place in the heavens in which

the discovery of a new nebula would have been expected,
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is within the cluster of the Pleiades. Yet here, close over

Merope, one of the more conspicuous stars of that cluster,

on October 19, 1859, Mr. Tempel observed a large bright

nebula which he took for a comet, and was only undeceived

when, on observing it next night, he found it unchanged

in place. On Dec. 31, 1860, it was seen, though with

some difficulty, by himself and Dr. Pope, with the six-

feet refractor at Marseilles. Its place lor 1860 is R.A.
37-" 52% KP.D. 66° 40' 13". M. Auwers describes it as

15' in extent and triangular in form—but conceives that it

might have escaped previous notice by reason of its j)roxi-

mity to so bright a star as Merope. Mr. Hind states also

that he has often suspected nebulosity about some of the

smaller outlying stars of the Pleiades.

(896/.) Not less singular and startling is the observa-

tion by Mr. Pogson of the bright and very conspicuous and

well-known nebula, the 80th of Messier's catalogue, often

observed, and described as a compressed and beautiful glo-

bular cluster of very minute stars, in E.A. 16^^ 8™ 4P,

KP.D. 112° 37' 34" (1860). While examhiing the neigh-

bourhood of this object on May 28, 1860, his attention was

arrested "by the startling appearance of a star, 7 '8™, in the

place which the nebula had previously occupied." He had
seen the nebula so recently as May 9, with the same tele-

scope and poAver, and it presented nothing unusual. On
June 10th the stellar appearance had vanished, but the

cluster yet shone with unusual brilliancy and condensation.

Professor Luther and M. Auwers had also perceived the

change so early as May 21st, when it was rated as a star of

the 6*7 magnitude. On June 10th, the nebula had disap-

peared to Mr. Pogson, though M. Auwers never quite lost

sight of it, and could perceive that the star was excentric.

The occurrence of a temporary or a variable star in so

peculiar a situation is assuredly very remarkable.

(896 ff.)
Lastly,by a letter from Mr. E. B. Powell, of Madras,

an observer of too much experience and note to be easily

deceived or to speak on light grounds, I am informed that

the southern end of the very remarkable lemniscate-shaped

vacuity close to the bright central star in the nebula about
z z
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7] Argus (see Plate IV. Fig. 2), whicli, when the drfiwhigs

were made from which that figure was taken, was closed and

terminated by a strong and sharply-cut outline (marked by

a small star in the n2)per edge of that vacuity), is now deci-

dedly open ! More recent observations, however (by Capt.

J. Herschel), with an acliromatic telescope of five inches aper-

ture, accompanied with careful drawings of the appearance

of the nebula (taken on Nov. 22-3. 1868), make it evident—

1. That the lemniscate still exists, as such, though (as might

be expected) not so strongly defined as when seen with an

instrument of superior power ; 2. That the relative situa-

tions of 48 out of 49 stars in the immediate vicinity of i),

laid down in the drawings, in respect of the principal star,

have undergone no material change, the 49th being a very

minute star of doubtful identity; and, lastly, that the

principal star itself, though greatly diminished in lustre,

occupies most decidedly its old situation, pretty deeply

immersed in the brightest portion of the nebula on the follow-

ing or eastern side of the lemniscate, and not (as stated in

the last edition of this work, on what we considered sufficient

authority) within the lemniscate or its remains, and out of

the nebulosity.

This is perhaps the right place to mention that a general

catalogue of nebulte and clusters of stars (5,078 in number),

in order of R.A., and brought up to 1860, with precession

for 1880, and descriptions, prepared by the author of this

work, has been published by the Royal Society as Part I.

of the Philosophical Transactions for 1864.]

(896 h h.) Spectral observation, as already mentioned,

has been recently applied to the brighter nebulae. The

lio-ht, even of the brightest of these objects, is so excessively

fe°eble (for it wiU be borne in mind that telescopes afford no

means of increasing the intrinsic hrightness of^ a surface),

that any perception of delicate, hair-like, dark lines m their

spectra like the fixed lines in that of the sun, is not to be

expected The pha^noraena which they exhibit, however,

are very peculiar, and more in analogy with those of flame

or incandescent gases, than with solar or stellar sources of

lio-ht. The brighter globular cluster, indeed, and those
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nebuliB of irregular forms, whicli are either clearly resolved^
or evidently of a resolvable character, give stellar spectra,
i.e. trains of light of all gradations of refrangibility. It is

otherwise -with many of those nebulae of Sir W. Herschel's
4th class, to which the designation "Planetary Nebulas"
has been applied, and with some others of an irresolvable

character, among which are the great nebula in Orion and
Argo. The light of these is either monochromatic, that is,

consisting of rays of one definite refrangibility (correspond-
ing in all of them hitherto observed to the nitrogen line in
the solar spectrum, or to the light emitted by nitrogen gas
rendered incandescent by the electric discharge), or com-
posed of this and of two, and in some few cases of three,
other such monochromatic rays, one of which corresponds to
one of the hydrogen lines in the solar spectrum. Such, in
brief summary, are the remarkable and important results
obtained by Dr. Huggins,* and fully corroborated by the
observations of Capt. J. Herschel, RE., made at Bangalore,
with the great advantage of an Indian sky, by the aid of a
spectroscopic apparatus furnished (with the telescope already
mentioned) by the Eoyal Society for observation of the
solar eclipse of August 18. 1868.t If any hesitation
should remain as to the certainty of conclusions from the
scrutiny of objects so excessively faint, it wiU be removed
by a fact recorded by the last-named observer, viz. :—that
on removing the slit or Hmiting aperture of the spectroscope,
and viewing through the prism the whole field of the tele-
scope directed to Messier's 46th cluster, a rich and brilliant

assemblage of stars, including among them the planetary
nebula H. IV. 39, the latter was seen as a faint patch of
hght in the midst of an infinity of streaks, the continuous
spectra of the individual stars. " Nothing," he remarks,
" could have been more conclusive as a test." J Had the
light of the nebula not been monochromatic or nearly so,
Its dilatation by the prism would have precluded its beino-
seen at all as a definite object.

• Phil. Trans. 1864, 1868.

t Procaedings of the Royal Society, ivi. p. 451, and xvii. pp. £8 103
; Ibid, jtvii. 306.

>
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[Note (L), Art {858 a.)

A fundamentally different method of treating tlie problem

of the sun's proper motion from any of those described in

art. 857, has been adopted by the present Astroncmer-Koyal,

by which the assumption of an approximate knowledge of

the situation of the "solar apex," is altogether dispensed

with. It consists in referring the absolute proper annual

motions both of the sun and the stars used in the enquiry,

to linear coordinates fixed in space, and treating the ques-

tion as a purely geometrical one, according to the rules of

the calculus of probabHities, basing his procedure on two

distinct assumptions, between which the truth must lie,

viz.:—1. That all the "irregularities of proper motion"

(meaning thereby all the residual amounts of annual move-

ment in each case, which are not accountable for by

solar motion), are mere results of error of observation

and are ndt caused by any real motions in the stars. This

is evidently an extreme supposition.—2. That none of such

residual movements are due to error of observation, but all

originate in real stellar movement. This is as clearly an

extreme supposition, the other way. Assuming then M.

Struve's classification of the stars according to a scale oi

distances which has at least no prima facie improbabihty,

and using for the purpose those 113 stars of a catalogue pre-

pared with great care by Mr. Main, and pubhshed m the

'Memoirs of the Astronomical Society,' which indicate great

proper motion, he arrives at the following conclusions as to

the situation of the apex, and'the annual paraUactic motion

of the sun as seen from a star of the first magnitude, on

each of these two suppositions.

. ( Solar apex in R.A. 256° 54'; N.P.D. 50° 31

1st Supposition |p^^j^iij^(.tic motion l"-269.

. . (Solar apex R.A. 261° 29' ; N.P.D. 65° 16'.

2d SuppositionJp^^j^|^j^(.tic motion 1"'912.

So far as the situation of the apex is concerned, both

these results stand in Avhat (considering the nature of the
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subject) may be called good accordance with those of our

art. 854. The parallactic motion (or which comes to the

same, the actual velocity of the solar motion), is, indeed,

much greater than that of art. 858. But this evidently

results from the restriction of the enquiry to stars of great

proper motion,

(858 b.) These results were deduced by Mr. Airy m a

memoir communicated to the Roy. Ast. Soc. in 1859. The

subject has since been resumed (avowedly in extension of

the same principle to a larger list of stars), by Mr. Dunkin,-

who, using the same geometrical formulae, but basing his

results on°the observed proper motions of 1167 stars, 819 m
the northern and 348 in the southern hemisphere, of all

magnitudes, and all (sensible) amounts of proper motion,

arrives at the following results on either of Mr. Airy's two

exireme suppositions

:

. . (Solar apex in RA. 261° 14'; N.P.D. 57° 5'.

1st Suppositionjp^^^^^^^-^ ^^Q^-Q^ 0"-3346.

. . (Solar apex 263° 44'; N.P.D. 65° 0'.

2d Supposition
jp^raiiactic motion 0"-4103.

Agreeing remarkably (as to the second supposition, which

is by far the most reasonable of the two), with the other,

and, as regards both, exhibiting an almost perfect accordance

in respect of parallactic motion with M. Struve's results as

given in art. 858.

(858 c.) A very extraordinary circumstance remains to be

noticed. From the general agreement of all the results of

the investigations of so many astronomers and mathema-

ticians, entering on the enquiry in such various ways, and

employing such a multitude of stars so variously combined,

there cannot remain a shadow of doubt either as to the

reality of the solar motion, or as to its direction in space to-

wards a point very near to R. A. 259°, N.P.D. 56°. As to its

velocity there is also every reason to believe that it is not

extravagantly over- or under-estimated in the statement

above given. But when we come to ascertain by calculation

how large a portion of the whole proper motions of the stars

;
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how mucli of that general residuum or caput mortuum alluded

to in art. 856, as left outstanding after precession, aberration,

and nutation, have exercised their solvent influences on it,

remains yet unaccounted for ; we shall find it includes by-

far the larger part of the total phaBnomenon of stellar proper

motion. The sum of the squares of the total residua (in

seconds of arc), uncorrected for the proper motion of the sun,

for example, in Mr. Dunkin's 1167 stars are, in E.A.,

78-7583, and in N.P.D. 63-2668. And when corrected for the

effect of that motion (so concluded), they are represented in

K.A. by 75-5831, and in N.P.D. by 60-9084. No one

need be surprised at this. If the sun move in space, why

not also the stars ? and if so it would be manifestly absurd

to expect that any movement could be assigned to the sun

by any system of calculation which should account for more

than a very small portion of the totality of the observed dis-

placements. But what is indeed astonishing in the whole

affair, is, that among all this chaotic heap of miscellaneous

movement, among all this drift of cosmical atoms, of the

laws of whose motions we know absolutely nothing, it

should be possible to place the finger on one small portion

of the sum total, to all appearance undistinguishably mixed

up with the rest, and to declare with full assurance that this

particular portion of the whole is due to the proper motion

of our own system.]

[A'oie (M) on Art. (400) note*.

The reference of the dark lines in the solar siiectrum to absorptive action

in the sun's atmosphere has of late received a most unexpected confirmation,

and it may now be considered as almost certain that they owe their origin

to the presence in that atmosphere of the vapours of metals and metalloids

identical with those which exist here on earth. Tliese vapours, or many of them,

have been shown by Kirchoff, Bunsen and Fizeau to possess the singular pro-

perty when present in an unburnt (or metallic) state in a flame, of destroying in

the spectrum of that flame rays of precisehj the refrangibilities of those which they

themselves when burning emit in peculiar abundance. Though there is some-

thing so enigmatical as almost to appear self-contradictory in the facts adduced—

tlie conclusion, especially as applied to the most conspicuous of all the lines (one

double one in the yellow, marked D by Fraunhofer. and which owes its origin

to sodium) seems inevitable. The spectra of some of the stars seem to indicate

the presence of chemical elements not idontifiable with any terrestrial ones.]
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INote (N), Art. (905 act.)

(905 a a.) Since the publication of the later editions of

this work, meteoric phenomena have engaged the assiduous

attention of many zealous and devoted observers, and have

acquired an especial interest from the reappearance, in 1866,

of the o-reat JSTovember display mentioned in art. 900, under

circumstances which render it an epoch in what may hence-

forward be very properly termed Meteoric Astronomy.

Before giving any account of these, however, it will be proper

to mention that by the exertions of a Committee of the

British Association, consistiug of Mr. Brayley, Mr. Glaisher,

Mr. Greg, and Mr. A. S. Herschel, acting in conjunction

with numerous coadjutors scattered over the area of our

islaad (and in correspondence with M. Heis, Prof Haidinger,

and other continental observers and meteorologists), observing

on the plan originally followed by Benzenburg and Brandes

(much improved, however, and singularly facilitated by the

use of a series of charts specially constructed on the gno-

monic projection for the purpose by the last-named member

of the committee), a vast collection of observations for the

determination of the heights ofappearance and disappearance,

the velocities, and paths, of individual meteors, has been

accumulated, and a considerable number of additional radiant

points corresponding to dates of periodic recurrence other

than those of August 10 and November 13, determined.

As regards the heights of appearance and disappearance,

and the velocities (understanding, of course, the relative

velocities resulting from the simultaneous motions of the

earth and the meteor), the general result of these observa-

tions seems to be : 1st, to assign aheight intermediate between

20 and 130 British statute miles above the earth's surface,

for that to which the luminous or visible portion of the

trajectory of non-detonating meteors is confined, with average

heights of first appearance and final disappearance of 70

and 54 miles respectively, so fg-r corroborating the evidence

aiforded by auroral phenomena of the extension of our

atmosphere much beyond the usually assigned limits of
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45 miles; 2ndly, a relative velocity intermediate between
17 and 80 miles per second, with a general average of about

34 miles, fully bearing out the earlier conclusions of Ben-
zenburg and Brandes ; and 3rdly, a series of radiant points

and annual epochs of which the following (exclusive of those

of Aug. 10 and Nov. 13) are the most remarkable:

—

Jan. 2nd . . R.A. 234° .. . N. dec. 51°
April 20th . . „ 277° . . „ 35°
Oct. 18th . . „ 90° . . „ 16°
Dec. 12th . . „ 105° . . „ 30°

(905 b b.) As regards the November display :—On tracing

back the records of meteoric phsenomena so far as they have
been preserved by history or tradition, it has been ascer-

tained (chiefly by the laborious researches of Prof. Newton,
of Newhaven, U.S.), that no less than twelve* such displays,

well characterized, have been noticed and recorded as occur-

ring from the year a.d. 902 onwards down to 1833, both

inclusive, viz. in the years a.d. 902, 934, 1002, 1101, 1202,

1366, 1533, 1602, 1698, 1799, 1832, 1833 ; all which are

comprised within a chain of epochs breaking the interval

between 902 and 1833 into periods of 32, 33, or 34 years

each, corresponding to an average of 33*24 (33:^^) years, or

of four such occurrences in 133 years. As to the calendar

dates of the displays, the earliest, in a.d. 902, bears the date

Oct. 13. O.S., and the others advance (with some considerable

irregularities) in the calendar up to 1833, Nov. 13. N.s. Con-

verting these dates into Julian days current (arts. 929, 930),

we find them to be resiDectively 2,050,799 and 2,390,879,

the difference of which, 340,068 days, exceeds 931 tropical

years (= 340,040"^) by 28 days ; so that the dates advance

in the calendar at an average rate of 28 days in 931 years,

or almost exactly 3 days in a century. The general im-

pression resulting fi'om the intervals of 33 and 34 years

between the great displays of 1799 and 1832, 1833, that a

similar one might be expected in 1866 or 1867, was by this

converted almost into a certainty ; and on the strength of

* That of A.D. 931, Oct. 16. o.s. is here omitted. It seems to have been but

a feeble exhibition, an iiregulur precursor of the more normal one of Oct. 1 4.

934.
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this induction a grand meteoric exhibition on the night

between November 13 and 14. 1866, was announced as

almost sure to take place, and all observers were forewarned

to be on the watch. The verification of this prediction will

be fresh in the recollection of our readers, and the spectacle

presented by the heavens on that night, though falling short

of what the glowing and no doubt exaggerated descriptions

of the phenomenon of 1799 might have led some to expect,

was such as can never be forgotten by those who witnessed

it. Those who were not so fortunate will do well to be on

the watch on the same anniversary in the current year

1867.*

(905 c c.) Attention being especially directed to the si-

tuation of the radiant on this occasion, it was fixed (in

reference to the ecliptic) in Ion. 142° 35'; lat. 10° 27' N".,

at a point between the stars f and s Leonis, and some-

what above the star marked x in that constellation in Bode's

catalogue. Now the longitude of the earth at that time, as

seen from the sun, was 51° 28', so that the radiant (in con-

firmation of a remark made by Prof. Encke on the occasion

of the display of 1833), if projected on the plane of the

ecliptic, would be almost exactly in the direction of a

tangent to the earth's orbit at the moment, or in ' the apex

of the earth's way.' Hence it follows, that, regarding each

meteor as a small planet, it must have been revolving (in a

retrograde direction, so as to meet the earth) either in a circle

concentric with the earth's orbit (a thing in itself most

improbable, and which would bring about a rencontre every

year, contrary to observation) or in an ellipse having either

its perihelion or its aphelion coincident, or very nearly so,

with the point of rencontre at the descending node, in longi-

tude 51° 28'; and as a necessary consequence with its major

axis lying in or very nearly in the plane of the ecliptic.

* On that occasion (Nov. 13 and 14, 1867), the principal display took place
in longitudes much westward of our island. At Bloomington, Indiana, U.S. 525
were seen by Professor Kirkwood between midnight and 15" a.m. Off Mar-
tinique, they appeared as a brilliant shower, and at Trinidad, according to Com-
mander Chimmo, 1600 were counted between S"" a.m. and daylight; while at

Nassau in the Bahamas, Captain Stuart and his co-observers registered 1040
between l"" 0"" and S* 34"» a.m.
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(905 dd.) Admitting the meteors to be revolving planet-

ules, the recurrence of these rencontres at average intervals

of 4 in 133 years is explicable on two distinct hypotheses as

to the kind of ellipse described by the meteoric group. It

may be either one very nearly approaching to a circle de-

scribed in a period not very different from a sidereal year, or

a very elongated one described in the exact period of ZZ\ of

such years. We will consider the cases separately. The

first supposition admits of the adoption of two distinct

ellipses :— 1st, that suggested by Prof. Newton, in which

the rencontre takes place at the aphelion of an ellipse de-

scribed in 354"^"57, or 10'^*67 short of a sidereal year, corre-

sponding to a semi-axis 0*98 1, and an excentricity 0-0204;

or, 2ndly, that proposed by the writer of an article on Me-

teoric Showers in the ' Edinburgh Eeview ' for January,

1867, where it is supposed to happen at the perihelion of an

ellipse described in 376'^-56, or ll'i-33 Tnore than a year

—

corresponding to a semi-axis 1-021, and an excentricity

0-0192. In the first of these ellipses, a meteor revolving

would in each sidereal year gain 10° 50' in its orbit on a

complete revolution, and in the other would lose as much ; so

that at the end of 33 years, in the former case it would be

found to have overshot the original point of rencontre by

2° 30', and in the latter to fall short of it by just so much :

and tracing it round from revolution to revolution, it will be

found in either case that after a series of intervals succeeding

each other in the cycle 33, 33, 33, 34 years, the meteor wiU

always be found so near the original point of rencontre that

an extension of the whole group so as to occupy 11° in their

common orbit will render extremely probable, and one of

22° will ensure its penetration by the earth at some point or

other, with a probability of such penetration taking place

twice in two successive years.

(905 e e.) The other hypothesis, suggested by Sig. Schia-

parelli (Director of the Observatory at Milan), is that of

a rencontre at or very near to the perihelion of an ellipse of

331 years, corresponding to a semi-axis 10-340, and an excen-

tricity d-9033 ; the rencontre in this, as in the other, taking
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place also at the descending node. Sucli a period, combined

with an extent of the group on the orbit such as would

occupy somewhat more than a year in passing through the

node (i.e. xfr whole circumference), would bring

round rencontres in precisely the same cycle of years, with

a fair probabiUty, and if of twice that extent with a cer-

tainty of their happening. An increased extent of the group

to somewhat beyond this would give rise to a frequent

occurrence of two or even three rencontres in annual succes-

sion, and would therefore cover the whole series of recorded

instances.

(905//.) The regular advance of three days per century

in the calendar date of the phaenomenon is partly accounted

for by the greater length of the sidereal year (which brings

the earth round to the same point in its orbit) as compared

with the tropical year (which brings it to the same longitude,

reckoned from the receding equinox, by which the calendar

is regulated). This accounts for l*^*! per century; the

remaining l^-Q must arise from a slow and regular advance

in the place of the node to the amount of 1° 36' per cen-

tury, or 57"-6 per annum, due probably to planetary per-

turbation, and chiefly, no doubt, to the disturbing action

of the earth itself in its successive passages through the

group.

(905 g g.) On either of the two former orbits the velocity

of the meteors will be very nearly equal to that of the earth

in a retrograde direction, whence it will readily appear that the

true inclination of the orbit will be almost exactly double

the apparent—that is to say, 20° 54'. In the case of the

long ellipse, the velocity of the meteor in perihelio will

be found to be to that of

the earth as 1'371 : 1, so

that supposing AC to be the

earth's orbit, and bd that

of the meteor, the apparent inclination bad being 10° 27',

and the sides bd, da, respectively, 1"371 and 1, we shall

find the angle dba=7° 13', and therefore the true inclina-

tion bdc = 18° 31'.
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(905 h h.) The supposition of minute planetary bodies

revolving in a nearly circular orbit of almost exactly the

dimensions of the earth's in a retrograde direction, and at an

inclination not greater than that of some of the asteroids,

stands in such strong opposition to all the analogies of our

system, as to render it in itself highly improbable ; add to

Avhich, that (as no perturbative action could possibly have

flung them from without into such an orbit) they must be

supposed to have so circulated for countless ages, during

which time their innumerable rencontres with the earth

must have torn the group to pieces, and scattered all its

members which escaped extinction into orbits of every dif-

ferent inclination and excentriclty. On the other hand, the

ellipse of 33^:^ has a decidedly cometary character; and

in such, retrograde motion is not uncommon. By a most

singular coincidence, remarked almost simultaneously by

Messrs. Peters and Schiaparelli (a coincidence too close

and striking to admit of hesitation as to their community of

origin), the elements of the first comet of 1866, discovered

by M. Tempel, coincide almost precisely, in every particular

except in the date of the perihelion passage, with those

we have just derived from the very simple considerations

adduced. The parallel is as below :

—

Perihelion passage .

Perihelion distance .

Excentricity

Semi-axis major

Inclination

Long, descending node

Periodic time

Motion .

Meteoric Orbit.

Nov. 13, 1866

0 9893*

0-90.S3

10-340
18" 31'

51° 28'

Retrograde

Tempel's Comet.

Jan. II, 1866
0-976.5

0-9054

10-324
17° 18'-1

51 26-1
33-176

Retrograde f

* This is the earth's radius vector on Nov. 13.

t The computations of Sig. Schiaparelli, founded on a some-what different

(and, -we are inclined to think, less accurate) situation of the radiant of last

November, lead him to assign the date Nov. 10 for the perihelion passage, and

to the perihelion itself the longitude 56° 25'-9, again agreeing well with that

of the comet in question, which is 60° 28'. But we have preferred (avoidmg

all niceties, which, in the actual uncertainty as to the aract place of the radiant,

are, after aU, premature), for the sake of piTspicuity, to present the chain of

reasoning in a form requiring almost no calculation.
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(905 il) It will not fail to have been observed that a

major semi-axis 10*34 with a perihelion distance 1 will

throw the aphelion of the meteoric orbit to a distance from

the sun= 19-68j that is to say, but a short distance beyond

the orbit of Uranus ; while the fact of the axis major itself

lying exactly or at least very nearly in the plane of the

ecHptic, a plane itself very little inclined to the orbit of

Uranus, will ensure a very near appulse of the meteors to

that planet whenever their two mean motions may have

brought or may hereafter bring them to the corresponding

parts of their orbits, allowing for the change (if any) in

the position of the axis. We say, if any, for it is not of

necessity the same as that of the node, and, though cal-

culable, has not as yet been calculated. This, however,

does not affect the conclusion that such near appulse must

at so7ne former time have taken place, and wiU do so

ao-ain. M. Leverrier, to whom these considerations seem

to have occurred independently, has concluded that it did

take place about the year A.D. 126 ; and the motion of both

bodies being very slow at that time (the velocity of the

meteors being in aphelio only 0*07 of that of the earth, or

only 1-32 mile per second), they would remain for a longtime

within the influence of the planet's disturbing power, while

at the same time that power would be acting at the greatest

advantage to produce deflection from their line of motion.

Hence that illustrious astronomer was led to conclude, that,

just as Jupiter on a similar occasion seized on and threw into

an orbit of short period Lexell's comet (see art. 585), so at

that epoch a wandering group of planetules, whose existence

would, but for that meeting, have never become known to

us, was deflected into the ellipse they actually describe.

Sig. Schiaparelli, on the other hand
;
considering that the

semi-minor axis of the meteoric ellipse is but small (0-441),

so that by reason of the moderate inclination the meteor in

its course can never rise much more than 1^ radius of the

earth's orbit above its plane
;
appears disposed to attribute

their present form of orbit to the attraction of Jupiter

T Saturn, within whose disturbing influence he considers
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that tliey must at some period or other have passed ; an

opinion which appeal's to us less prohable, inasmuch as the

disturbing force would in that case have tended chiefly in a

direction at right angles to the plane of their motion, and

(by reason of the much greater velocities of both bodies)

have acted for a much shorter time.

(905 jj.) For the meteors of the 10th of August, adopting

as the place of the radiant the star k Persei, assigned by the

observations of Mr. A. S. Herschel in 1863, and assuming

the orbit to he a parabola (an assumption which determines

the velocity at the moment of rencontre, being to that of

the earth regarded as describing a circle, in the constant

ratio of 1), a velocity which he found to agree tolerably

well with that directly determined by Mr. Herschel and liis

co-observers on the same occasion, M. Schiaparelli has also

computed the elements of tlieir orbit. And again, by a

coincidence hardly less striking, these are found to agree

with the elements of the great comet of 1862, as the fol-

lowing comparison will show :

—

August Meteors,
BcbiapareUi's
Elements.

Coraet III. 1S62
Elements of

Oppolzer.

Passage through descending Node
Perihelion Passage - - -

Longitude of Perihelion

Longitude of Ascending Node
Inclination - - -

Perihelion Distance - - -

Period . . . . -

Motion - - - . -

1866, Aug. 10-75

— July 23-62

343° 38'

138° 16'

64° 3'

0-9643

Retrograde

1862, Aug. 22*9

344° 41'

137° 27'

66° 25'

0-9626

123-74

Retrograde

Without supposing the orbit absolutely parabohc, an ellipse

of long period (say 124 years) would equally well satisfy

the conditions ; but to make the rencontre annual, a com-

plete annular or elliptic stream of meteors would be required.

The radiant point of the August meteors, however, seems

hardly so definite as that of the November group, the

determination in different years by different observers differ-

ing considerably. Both these considerations would seem to

authorize the ascription of a far higher antiquity to the

introduction of this assemblage into our system; giving



NOTES. 719

time not only for the individual meteors to gain or lose

upon each other in consequence of minute differences in

their periodic time, so as to draw out the original group

into a stream, but to disperse themselves over considerable

differences of inclination and excentricity by the effect of the

earth's perturbative action, while all the phenomena of the

November groiip point to a much more recent origin.

Note (0), Art (395).

(395 b b.) The total solar eclipse of Aug. 18. 1868, which,

commencing not far from Aden, at the entrance of the Red

Sea, traversed the whole peninsula of India from Malwa to

Masulipatam, and pursued its course eastward and south-

ward across the Malayan peninsula, to the extreme northern

point of Australia, afforded an excellent opportunity for the

critical examination of the marginal protuberances as well

as the phaenomena of the corona ;
which, if seen at all from

a station on the central line, could not be held to originate

in the earth's atmosphere by reason of the great breadth of

the total shadow (at least 115 miles). Accordingly, it was

eagerly seized, and competent observers, well furnished

with every requisite instrument and means of observation

and record, took up their stations at points on or very

nearly adjacent to the central line. The unusual duration

of the total obscuration, being nearly six minutes, allowed

ample time for making all the necessary observations, as

well as for securing photographs, which last desideratum

was successfully accomplished at Guntoor in India, by

skilled photographers under the direction of Major Tennant,

as also at Aden. The final results may be thus briefly

stated.—1. The darkness was by no means so great as was

expected: doubtless, owing to the great amount of light

emitted by the corona and the marginal prominences. The

light of the former gave a continuous spectrum, and more-

over was found to be distinctly and strongly polarized;

everywhere in a plane passing through the point examined

and the sun's center. This establishes beyond all possible
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doubt its origin in reflection from a solar atmosphere ex-

terior to the photosphere (or at least of some sort of

envelope, whether atmospheric or nebulous in its nature and

connexion with the sun) of vast extent, though probably of

small density, and is altogether opposed to its origination in

that of our earth; our sky light so near the sun exhibiting

no trace of polarization.—2. The red prominences, which

were numerous and most remarkable, showed no sign of

polarization, and were, therefore, self-luminous. One of

them, the most conspicuous, projected like a horn or tall

excrescence to the distance of 3' 10"

from the true Hmb of the sun, which

corresponds to a vertical elevation of

90,200 miles above the level of the

photosphere. Its outline, as photo-

graphed at Guntoor, was as in the

annexed diagram, indicating by its

markings a spiral form, like that which

might be conceived to result from a

combined rotatory and ascensional

movement, as of a vast column of

ignited vapour rushing upward with a

swirl from the photosphere into the

higher regions of a non-luminous atmosphere.—3. The

light of the prominences subjected to spectroscopic examina-

tion was in accordance with this idea. It gave no continuous

spectrum, but appeared to consist of distinct monochromatic

rays, or definite bright lines (characteristic of incandescent

gases) Of these, M. Janssen, stationed at Guntoor, saw

six, in the red, yellow, green, blue, and violet regions of the

spectrum; two of them corresponding to Fraunhofer's hues

c F, indicative of hydrogen. Major Tennant, at the same

station, perceived only four, viz. : c in the red, and D in the

orange (corresponding respectively to hydrogen and sodium)

-one in the green near F (hydrogen), and a fourth seen

with difficulty in the blue near to G. Capt. Herschel at

Jamkandi (where the total phase of the eclipse was much

interfered with by passing clouds) perceived distmctly three
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vivid lines, red, orange, and blue, and no others, nor any

.trace of a continuous spectrum. The orange line proved by
measurement to coincide precisely with D, the others ap-

proximated to C and F, and probably, the difficult circum-

stances of the measui'ements considered, were coincident

with those lines. M. Rayet at Wah Tonne, in the Malayan
peninsula, noted no less than nine brilliant lines correspond-

ing to the solar dark lines B, D, E, b, r, two adjacent to G,

and one between b and p (probably Barium). These ob-

servations are quite decisive as to the gaseous nature and
vehement incandescence of the prominences, and indicate

astonishingly powerful ascensional movements of what might
be called flame (were combustion possible) in an atmosphere

reposing on the photosphere.— 4. Besides these hard and
sharply defined prominences, were also seen ranges irregular

in form, of what might perhaps be considered cloudy or

vaporous matter, of less intensity and softer outline.

(395 c c.) Reasoning on the monochromatic character of
the light emitted by incandescent gases, and speculating on
the extreme probability of the solar prominences being in

the nature of tumultuous ejections of such gases, it had
early occurred both to Dr. Huggins and Mr. Lockyer that
they might possibly become the subject of spectroscopic

study, as appendages to the sun's limb, or in the umbrje of
spots unilluminated by photospheric light, without the ne-
cessity of waiting for the rare occurrence of a total eclipse.

Accordingly, during the two years immediately preceding
that of Aug. 18. 1868, the former made several attempts
with various spectroscopic and other contrivances (such as
viewing the projected image of the sun's border through
combinations of coloured glasses, &c,), to obtain a view of
them, though without success ; and the latter had applied
for and obtained from the Royal Society a grant for the
construction of an apparatus for the purpose, which, how-
ever, was not completed till after the occurrence of the
eclipse. Meanwhile the actual observation of the mono-
chromatic character of their light, and the exact coincidence
of their lines with situations which in the spectrum of the

3 A
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photosphere are marked by a deficiency of light, at once

suggested to M. Janssen, as it did also to Capt. Herschel,

the possibility of discerning, or at all events of, as it were,

feeling them out, the former by means of the spectroscope,

the latter by combinations of coloured glasses. M. Janssen,

on the day immediately following the eclipse, put his con-

ception into practice, and at once succeeded. Placing the

slit of his spectroscope so as partly to be illuminated by the

edge of the photosphere, and partly by the light (from

whatever origin) exterior to it, he found the spectrum of the

former portion in the immediate neighbourhood of the ray

C to be crossed (as might be expected) by that dark line.

At the point of the limb to which his examination was first

directed, nothing was seen beyond. But, on shifting the

point of examination gradually along the limb, a small dot

of ruddy light was perceived, in exact continuation out-

wards of the dark line, which, on continuing the movement

of the spectroscope along the limb in the same direction,

gradually lengthened, and then again shortened: thus re-

vealing the existence of a prominence giving out that par-

ticular monochromatic red, whose form and outline he was

tiius enabled to trace out. Directing his attention, in like

manner, to the dark line r, the same phenomenon was

repeated, in the tint proper to that region of the spectrum.

At some points it was also observed that the bright line of

the prominence encroached upon and extended into the

corresponding dark line of the photosphere.

(395 d d.) Mr. Lockyer's apparatus having meanwhile

been completed, he was at length enabled to announce (on

Oct. 20) that after a number of failures which made the

attempt seem hopeless, he had at length succeeded in ob-

serving, as part of the spectrum of a solar prominence, three

brio-ht"^ lines, one absolutely coincident with c, one near D,

and one nearly coincident mth F. On Feb. 16. 1869, an-

other practical step in the same direction was made by Dr.

Huggins, who, limiting, by an ingenious contrivance, the

light admitted to his spectroscope to rays of about the re-

fiingibility C, widening the slit sufficiently to admit of the
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whole prominence being included in its field, and absorbing

the light of other refrangibilities so admitted by a ruby glass,

was enabled distinctly to perceive at one vieio, the form of

the prominence. Almost immediately after, Mr. Lockyer

succeeded by merely widening the slit of his spectroscope,

without the use of any absorptive media, in obtaining a clear

view of the forms in question.. "The solar and atmospheric

spectra being hidden, and the image of the wide slit alone

being visible, the telescope or slit is moved slowly, and the

strange shadow-forms flit past. Here one is reminded, by

the fleecy infinitely delicate cloud-films, of an English

hedgerow with luxuriant elms; here of a densely inter-

twined tropical forest, the intimately interwoven branches

threading in all directions; the prominences generally ex-

panding as they mount upwards, and changing slowly,

indeed almost imperceptibly." Lastly, on the 4th, 5th, and

6th of May, Capt. Herschel found the spectrum of the

solar envelope to be visible without difficulty, and without

other aid than the spectroscope adapted to his telescope,

and was enabled to form a general picture of the distribution

of the luminous region surrounding the sun. Two pro-

minences were in particular examined, one of which formed

a luminous cloud floating 1' or 2' above the surface. He^

perceived also (now for the first time), a fourth line near G.

(since seen repeatedly), and subsequently another between.

F and G. On this last occasion, having at first swept

round the sun and found nothing particularly worthy of

remark, on returning to the point of departure, he perceived

the lines much more brilliant and intense than usual, and

further scrutiny satisfied him that he had been witness to a

" violent and spasmodic eruption of vapour " lasting only a

few minutes ! The mode in which he was enabled thus to

discern the forms of the solar clouds consisted in giving to

the telescope a vibratory motion up and down, on the prin-

ciple of the persistence of luminous impressions on the retina,

by which the perception of the total form of an object results

from the mental combination of a series of linear sections of

its area. And he describes the appearance of these solar

3^2
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clouds as "very similar to terrestrial—fleecy, ii-regular-

shaped, and illuminated
;
just such as eclipses have told us

they are." We have thus a new chapter of solar physics

opened out, the commencement, doubtless, of a series of

grand discoveries as to the nature and constitution of the

great central body of our system. Dr. Huggins has also

applied spectrum analysis to the comae and tails of comets

in which he considers satisfactory proof to exist of the

presence of carbon.
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II. Synoptic Table of the Elements of the

Planetary System. (See 357a, Note F.)

N B —a denotes the mean distance from the sun, that of the earth being

taken for unity; P the mean sidereal period in mean solar days; e the eccen-

tricity in decimal parts of the semi-axis; i the inclination of the orbit to the

ecliptic : Q, the longitude of the ascending node; w that of the perihelion from

node on orbit ; L the mean longitude of the planet at the moment of the epoch

E for which the elements are stated; M the denominator of the fraction

expressing the mass of the planet, that of the sun being 1 ;
D the diameter in

miles ; A the density, that of the earth being 1 ; T the time of rotation on its

axis; d the mean angular equatorial diameter of the body of the planet, at its

mean distance fromfhe earth, in seconds; e the ellipticity of the spheroid as

a fraction of the equatorial diameter; y the inclination of the axis of rotation

to the plane of the ecliptk; H the mean intensity of light and heat received

from the sun. that received by the earth being I. The asteroids are numbered

in their order of discovery.

o
?

®
<?

1

2

3
4
5

6

7

8

9

10

11

12

13

14

IS

16

17

18

19

20
21

22
23
24

25
26
27

28

29
30
31

The Sun
Mercury -

Venus
Earth
Mars
Ceres

Pallas

Juno
Vesta

Astrasa

Hebe
Iris

Flora

Metis
Hygeia
Parthenope
Victoria

Egeria

Irene

Eunomia -

Psyche
Thetis

Melpomene
Fortuna
Massilia

Lutetia

Calliope

Thalia

Themis
Phocea
Proserpina -

Euterpe
Bellona

Amphitrite
Urania
Euphrosyne

a. P e i

o / II

0-3870981 87-9692580 0-2054925 7 0 91

0-7233316 224-7007869 0-0068722 3 23 28-5

1 -0000000 365 -2563612 0-0167918
6-2

1-5236923 686-9796458 0-0931125 1 51

2-7664313 1680-650 0-0805096 10 36 27-8

2-7686906 1683-103 0-2400116 34 43 8-7

2-6707543 1594-221 0-2565949 13 1 9 0

1325-640 00890879 7 7 55 -7

2-5778960 1511-800 0-1872123 5 19 5-7

2-4246290 1379-007 0-2028856 14 46 38-0

2-3860360 1346-212 0-2312145 5 27 53-3

2-2013860 1193 004 0-1567040 5 53 8-0

2-3860333 1346-211 0-1238156 5 36 7-3

3-1511972 2043-200 0-0993911 3 48 47-1

2-4524062 1402-770 0-0990197 4 37 0-9

2-3344916 1302-756 0-2178214 8 23 1-5

2-5762970 1510-400 0-0867520 16 31 54-9

2-5863965 1519-288 0 1656725 9 7 27-3

2-6441373 1570-452 0-1868308 11 43 35-2

2-9263840 1828 -493 0-1341254 3 3 58-6

2-4732811 1420-721 0-1276441 5 56 5-6

2-2956321 1270-430 0 2174420 10 8 58-6

2-4415662 1393-481 0-1572326 1 32 30 2

2-4089122 1365-621 0-1442977 0 41 in
2-4347444 1387-643 0-1617091 3 35 21-0

2-9094987 1812-699 0-1019602 13 45 28-4

2-6282154 1556-291 0-2321817 10 13 13-1

3-1439') 15 2036-147 0-1170627 0 48 51-6

2 3999822 1358 -033 0-2547900 21 34 54-9

2-6552100 1580-319 0-0871572 3 35 38 0

2-3463460 1312-760 0-1736210 1 35 30-3

2-7784700 1691-986 0-1500986 9 21 26-3

2-5536647 1490-542 0-0737850 6 7 49-8

2-3654133 1328-795 1
0-1276142 2 6 1-8

3-1571421 2048-988
1
0-2181494 26 26 0-0
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1 Cl
T>X t t

o / II

X omona - 2 50B7137 1521 -332 0-0802144 5 28 51-6
OO Polyhymnia 2 0050620 177 1 -328

'

0-3381960 1 56 18-9
Circe li OO70950 1608-877 0-1056142 5 26 37-3

JO Leucothea - 3 0060548 1903-680 0-2136315 8 10 82-1
oO Atalanta z*747900d 1663-792 0-2971309 18 41 516
O / Fides -' z o42 J 47;3 1568-674 0-1748927 3 7 10-5
JO Leda - a '7401 4oJ 1656 758 0-1554322 6 58 25-3
jy La^titia j£ 7oy9otiU 1683-862 0-1111018 10 20 58-3
A.r\ Harmonia - 1247-335 0-0463143 4 15 52-3
J 1T 1 Daphne Ci ,''7 £Zi^ !Z RCi C 1680 725 0-2690810 16 3 13-7
JO^2 Isis 25 4jyyyy 1392-14 0-2256143 8 34 29-8
4J Ariadne o .orvo o COZ'zUIiooo 1194-61 0-1675933 3 27 39-1
/I /I Nysa 25 4ii4741 1379-10 0-1503545 3 41 40-9
/I c
4i) Eugenia z '7 ZUO 1

0

1638 "98 0-0822361 6 34 57-0
4d Hestia i ozol 01 1466*52 0-1646660 2 17 36-7
4/ Aglaia ~ Z ooU] y7 1785 38 0-1324005 5 0 9-6
48 Doris b 109420 CM~\c\ r\ t2002-71 0 0769467 6 29 40-9
49 Jrales 3 080J59 1 974-60 0-2385024 3 8 45-1
oKj Virginia

Neniansa -

a 64974

1

1575 -4 5 0-2873290 ^ 47 36-9
C 1 z 365579 1 328 -94 0-0662400 9 56 47-3

Europa ;vuy9773 1993-39 0-1014745 7 24 40-3
0.5 Calypso i: 0^51)957 1 549 -84 0-2038207 5 6 42-7
04 Alexandra - O ,'7 t y1 O /I2 '7 I 4804 1633 -88 0-1966174 1

1

47 11-3

DO Pandora Si *7oyozl 1674-45 0-1420334 7 13 28-1

Oo ivielete ii 097 1 1

0

1528-74 0-2370434 8 1 50-8

ol Mnemosyne 3"]57io8 2049-13 0-1041157 15 8 1-6

58 Concordia - 2 •694441 1615-48 0-0401686 5 1 6-7

59 Oiympia J'l 1 3870 1632 98 0-] 173539 8 37 41-3
60 JiiCho 2 393088 1352-19 0-1847386 3 34 18-7

61 Dana'e o -/A/Af>rt^o3 '003978 1901 -71 0-1684354 18 1 /?Id 32 -3

62 Erato o - 1 r>/A/»rt p*

3 130695 c\c\na r~%c\2023-29 01709820 2 12 28-9
DJ Ausonia 2 '393785 1352-78 0-1247228 5 46 54 5
o4 Ani^elina 2'680557 1603 01 0-1290952 1 19 51-5
bo Maxirailiana 3'419842 2309-98 0-1201719 S 28 9 5
66 Maia 2'663544 1587 -7T 0-1339165 3 2 24 -6

67 Asia 2*420277 1375-29 01848482 5 59 27-3

68 JLeto 2"722658 1640-92 0-1697847 8 10 lb'5

69 Hesperia - Ci .C\{\ A t\c> enJ "994935? 1893-12 0-] 745242 8 28 25 -0

70 Panopea 2 6291 15 1557-09 0-1950190 11 31 56-5

71 XT' 1 2 756159 1671-30 01737289 23 18 29-5

72 Feronia 2 274958 1253-31 0 1164641 5 25 55-2

73 Clytie 2-665541 1589-56 0-04543S1 2 24 57-6

74 Galatea 2-575212 1509-45 0-2554310 3 15 43 8

75 Eurydice - 2-665856 1589-84 0 30,54377 4 59 8-8

76 Freia 3"188960 2080-04 003021 10 2 13 3-0

77 Frigga 2-673752 1596-91 0-1358136 2 27 55-2

78 Diana 2 "6263 16 1554-60 0-2066804 8 39 47 0
79 Eurynome- 2-444173 l^VD I 1 O 1903329 4 36 50-5

80 Sappho 2-296375 1271-05 0-2002178 8 36 47-9

81 Terpsichore 2-850428 1757-77 0-2100461 7 55 22-0

82 Alcmeiie - 2-764144 1678-57 0-2299055 2 50 34

1L Jupiter 5-2027760 4332-5848212 0-0481626 1 18 51-3

h Saturn 9-5387861 10759-2198174 0-0561502 2 29 35-7

Uranus 19-1823900 30686-8208296 0-0466683 0 46 28-4

Neptune 30-05660 60186-6385 00084962 1 47 0-6
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Synoptic Table of Elements {continued).

S2
13 L

(:)

9
6

0 / II O f II 0 / II

45 57 80-9 74 21 46-9 166 0 48-6

74 54 12-9 128 43 53-1 11 33 3 0

99 30 5-0 100 39 10-2

6 48 0 3-5 332 23 56-6 64 22 55-5

1 80 48 47 -9 148 27 141 25 44 50-6

o 172 42 15-1 122 4 48-1 354 44 38 9

Q 170 52 4-9 54 44 9-6 268 18 46 -8

ft 103 23 11-7 250 38 10 3 52 34 2-6

c 141 25 43-5 135 20 26-3 262 24 22-5

cO 138 37 21-4 15 22 12-6 269 8 16-9

7 259 48 13-3 41 19 33-5 • 8 9 6-5

QO 110 17 48-6 32 54 28-3 68 48 31-9

Q 68 31 58-4 71 32 19-0 248 1 48-7

286 43 55-0 2:i4 49 57-7 316 54 16-7

X 1 125 5 56-1 317 21 4-7 304 57 4-5

235 S3 34-9 301 56 36-0 312 S3 52-4

43 19 45-4 119 0 16-2 111 51 59-4

1 4. 86 42 8-8 180 6 33-9 98 57 33-4

15 293 58 20-7 27 37 24-7 107 0 24 -5

150 34 1-6 14 44 57-6 226 7 32 6

17 125 21 37-2 260 40 8-1 245 5 11

150 4 30-7 15 9 58-0 167 39 20-9

1

Q

211 27 18-2 30 29 32-3 41 51 13-5

206 42 30-8 98 26 22-4 S51 39 8

21 80 30 56-2 326 27 0-6 349 21 33 0

22 66 36 21-8 56 34 13-1 224 46 26-6

23 67 39 12-0 124 9 6-7 141 3 59-3

24 36 11 48-1 139 49 24-2 62 24 39-7

214 3 01 302 53 58-3 108 4 27-7

2f> 45 55 3-4 234 50 23-9 61 14 30-0

97 93 46 22 1 87 40 8-9 311 56 4-5

28 144 41 9-9 122 55 29-6 66 3 57-4

9Q 356 28 37-9 57 23 12-1 283 40 58-5

308 16 8-4 30 52 49-6 73 59 9-5

i 31 28 40 0 94 15 6-4 155 10 34-1

<19 220 47 37-3 194 2 32-3 6 29 1-5

33 9 6 44-1 342 27 53-9 285 39 12-6

184 42 23 0 1.50 14 45-2 105 34 22-0

35 355 51 20-9 201 26 27-1 69 52 4-3

359 10 46-4 42 38 20-0 71 20 46-7

o / 8 9 37-4 66 4 28-2 42 34 35-2

oo 296 27 34-9 100 51 44-3 112 58 27-6

.>y 157 20 6-6 2 11 36"9 14o 4

1

40 93 34 23-7 1 2 41-7 225 47 29-8

41 179 2 30-1 220 5 20-1 335 3 21-7

42 84 31 6-9 317 59 39-2 247 46 19-5

43 264 35 52-7 277 50 50-4 132 1 30-2

44 131 3 5-2 111 28 29 3 116 18 191

4.5 148 5 51'8 229 51 52-7 294 3j 2-8

46 181 33 411 354 43 56-3 86 7 34-3

47 4 11 52-2 313 53 0 8 116 34 11-4

48 185 14 13-2 76 52 38 5 16 6 470

1801. Jan.

Do.
Do.
Do.

1864. Oct.

1864. Sept.

1864. June,

1863. Nov.
1864. June,

1862. May,
1862. Sept.

1848. Jan.

1863. May,
1862. Apr.

1862. July,

1857. Aug.
1864. Jan.

1862. June,

1862. Jan.

1863. Apr.

1860. July,

1858. Mar.
1860. Nov.
1863. Aug.
1860. Jan.

1860. Jan,

1862. Feb.

1862. Oct.

1863. Jan.

1860. Feb.

1863. July,

18S2. Mar.
1863. June,

1862. Dec.

1862. Mar.
1862. Oct.

1863. May,
1863. Jan.

18G3. Nov.
1861. Jan.

1856. Jan.

1856. Jan.

1856. Jan.

1863. May,
1862. Sept.

1860. Jan.

1863. Jan.

1860. Jan.

1858. Jan.

1863. Jan.

1859. June,

1858. Feb.

i

1-0, G.

12-0, G.

6 0, G.

8 0, G.

23 0, G.
26-0, G.

31-0, B.

12-0, W.
10, B.

30-0, B.

26 0, G.
21-0, B.
2-0, G.
10 0, B.
1-0, G.

30 0, W.
29 -5, W.
12-0, B.
6-0, G.

8-0, B.

29-5, B.

19-0, G.

0-0, B.

19-0, "W.

23-0, G.

13 0, B.

6 0, G.
23-0, B.

24 0, B
30 0, B.

17 0, B.

9 0, B.

1 -0, W.
28-5, W.
3-0, B.

16-5, B.

0 0, B.
0-0, B.

0 0, B.

1 -0, B.
12-0, B.

23-435,B.
1-0, B.

0-0, B.
28 '0,

0 0,

0 0,

17-0,

3-0.

B.

B.

B.

B.

B.
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L E

o II o / II o II d

49 290 29 4-2 32 31 40-6 159 34 55-3 1860. Jan. 28 0, B.
SO 173 36 12-2 9 51 30-3 89 16 52-2 1863. Jan. 0-0, B.
51 175 39 11 -2 175 10 53-1 177 11 25-3 1858. Mar. 25-5, B.
52 129 57 16'5 101 54 57-2 136 20 51-4 1858. Jan. 0 0, B.
53 144 1 52-5 92 47 35-8 239 19 16-8 1863. May- 31-5, B.
54 313 49 0-7 294 53 46-1 149 40 21 6 1861. Jan. 8 0, B.
55 10 57 29-1 11 28 S8 -6 23 26 57-6 1858. Dec. 30-0, B.

56 194 25 59-4 293 37 37 9 62 16 45-7 1862. Dec. 18 0, B.
57 200 5 251 52 53 13 0 28 35 25 6 1860. Jan. 1 0, B.

58 161 11 39-8 180 17 24 0 162 28 261 1860. Jan. 0-0, B.

59 170 22 31-4 16 54 44-4 190 6 18-6 1863. Jan. 0-0, B.

60 191 59 47-3 98 30 17-3 232 27 11-8 1863. Jan. 0 0, B.

61 334 16 57-9 342 44 12-7 73 6 25-4 1862. Jan. 0-0, B.

62 126 12 55-1 34 0 8-2 176 1 23 2 1863. Mar. 25 5, B.

63 338 3 48-9 269 41 0-7 177 7 9 1 1861. Mar. 5 0, B.

64 311 4 46-9 123 43 50 3 182 57 5-4 1861. May 28 0, B.

65 158 53 48-7 258 22 17-1 192 17 21-4 1861. Mar. 18 0, B.

66 8 13 12-5 38 13 4-7 188 42 32-5 1861. May 27 0, W.
67 202 40 101 306 18 47-9 313 38 23-3 1862 Jan. 0-0, B.

68 44 37 54-7 358 57 32 0 282 33 47-2 1862. Jan. 0 0, B.

3 0, B.69 186 59 4-0 111 8 42-0 164 2 21 0 1861. June
'70 48 16 27-8 299 47 31 6 250 34 16-1 1861. June 0 0, B.

71 316 18 4H-4 221 58 46-8 322 15 20-8 1861. Sept. 25 5, B.

72 207 37 13-1 309 48 37-9 22 52 55-9 1863. Jan. 0-0, B.

73 7 32 18-9 61 33 51-1 189 47 11-9 1«62. May 26 0, W.
74 200 29 20-2 6 42 36-5 0 31 29-4 1862. Sept. 16-0, B.

75 359 52 19-1 334 40 12-1 4 40 23-1 1862. Nov. 0 0, W.
76 212 29 32-5 67 10 17-9 28 48 2-8 1862. Oct. 24-5, G.

77 2 7 1-7 58 9 1-3 39 25 26-4 1863. Jan. 0 0, B.

78 334 2 34-2 121 13 59-2 173 41 43-8 1863. May 8-5, B.

79 206 42 40-0 44 20 33-1 45 50 13-3 1864. Jan. 1 0, G.

80 218 31 18-8 355 7 20-7 61 25 32-3 1865. Dec. 3-0, B.

81 31 4 51 48 17 29-6 29 35 16-4 1864. Nov. 13-0, B.

R2 26 50 33 131 12 48 94 4 41 1865. Jan. 0-0, B.

V- 98 26 18-9 11 8 34-6 112 15 23-0 1801. Jan. I-O, G.

h 111 56 37-4 89 9 29-8 135 20 6-5 Do.

72 59 35-3 167 31 ]6-l 177 48 23-0 Do.

130 7 31-9 43 17 30-3 335 6 0-4 1850 Jan. 1-0, G.

Synoptic Table of Elements {continued. See 357 a, Note F.)

M D d A T y H 6

II h m o //

o 1 882000 1923-64 0-25 609 7 — 82 4.5 45940

? 4865751 3183 6-89 1-14 21 5 — 6-674

401839 8108 17-55 0-84 23 21 — 1-911

® 359551 7925 -(MS 1-00 23 56 4-1 66 32 6 1-000 298

S 2680337 4546 6-46 0-72 24 37 22-7 59 41 49 0-431 62

% 1047'871 90734 .37-91 0-24 9 .55 21 3 86 54 30 0036 16-84

h 3501-600 76791 17-50 0-1 1 10 16 0-4 61 49 0-01 1

20470 35307 3-91 0-20 0-003

18780? 39793 ?,
2-88 0-15 0-001

1
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Names op Discoverers and Dates op Discovery
OP THE Asteroids. _

Ceres Piazzi Jan. 1, 1801.

Pallas Gibers Mar. 28, 1802.

Juno Harding Sept. I, 1804.

Vesta Olbers Mar. 29, 1807.

AstfcEE Hencke Dec. 8, 1 845.

Hebe Hencke July 1 , 1 847.

Iris Hind Aug, 13, 1847.

PJora Hind Oct. 18, 1847.

Metis? Graham Apr. 25, 1848.

Hvffeia Gasparis Apr. 12, 1849.

Parthenope Gasparis May 11, 1850.

Victoria Hind Sept. 13, 1850.

Egeria ? Gasparis Nov. 12, 1850.

Irene Hind May 19, 1851.

Eunomia Gasparis July 29, 1851.

Psyche Gasparis Mar. 17, 1852.

Thetis Luther Apr. 17, 1852.

Melpomene Hind June 24, 1852.

Fortuna Hind Aug. 22, 1852.

MassUia Gasparis Sept. 19, 1852.

XiUtetia Goldschmidt Nov. 15, 1852.

Calliope Hind Nov. 16, 1852.

Thalia Hind Dec. 15, 1852.

Themis ? Gasparis Apr. 5, 1853.

Phocea Chacornac Apr. 6, 1853.

Proserpina Luther May 5, 1853.

Euterpe Hind Nov. 8, 1853.

Bellona Luther Mar. 1, 1854.

Amphitrite
r Marth Mar. 1, 1854.

\ Pogson Mar. 1, 1854.

Urania Hind July 22, 1854.

Euphrosyne Ferguson Sept. 1, 1854.

Pomona Goldschmidt Oct. 26, 1854.

Polyhymnia Chacornac Oct. 28, 1854.

Ciree Chacornac Apr. 6, 1855.

Leucothea Luther Apr. 19, 1855.

Atalanta Goldschmidt Oct. 5, 1855.

Fides Luther Oct. 5, 1 855.

Leda Chacornac Jan. 12, 1856.

Lsetitia ? Chacornac Feb. 8, 1856.

Harinonia Goldschmidt Mar. 1, 1856.

Daphne Goldschmidt May 22, 1856.

Isis ? Pogson May 23, 1856.

Ariadne Pogson Apr. 15, 1857.

Nysa Goldschmidt . .
May 27, 1857.

Eugenia? Goldschmidt June 28, 1857.

Hestia ? Pogson Aug. 16, 1857.
A (Tia 1 n T .IT ( rioi*J J LI LI icr

Doris Goldschmidt Sept. 19, 1857.

Pales? Goldschmidt Sept. 19, 1857.

Virginia Ferguson Oct. 4. 1857.

Nemausa ? Laurent Jan. 22, 1858.

Eiiropa Goldschmidt Feb. 4, 1858

Calypso Luther Apr. 4, 1858.

Alexandra Goldschmidt Apr. 11, 1858.

Pandora Searle Sept. 10, 1858.
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Melete Goldschmidt Sept. 9, 1857.
Mnemosyne Luther Sept. 22, 1859.
Concordia Luther Mar. 24, 1 860.
Olympia Chacornac Sept. 13, 1860.
Echo Ferguson Sept. 15, 1860.
Danae Goldschmidt Sept. 9, 1860.
Erato Lesser Sept. 14, 1860.
Ausonia Gasparis Feb. 11, 1861.
Angelina Tempel Mar. 6, 1861.
Maximiliana Tempel Mar. 10, 1861.
Maia Tuttle Apr. 10, 1861.
Asia Pogson Apr. 18, 1861.
Leto Luther Apr. 29, 1861.
Hesperia
Panopea

Sciaparelli Apr. 29, 186J.
Goldschmidt May 5, 1861.

Niobe Luther Aug. 13, 1861.
Feronia Peters Jan. 29, 1862.
Clytie Tuttle Apr. 7, 1862.
Galatea Tempel Aug. 29, 1862.

Sept. 22, 1 862.Eurydice Peters

Freia D'Arrest Nov. 14, 1862.

Frigga
Diana

Peters Nov. 12, 1862.

Luther Mar. 15, 1863.
Eurynome Watson Sept. 14, 1863.
Sappho Pogson May 3, 1864.
Terpsichore Tempel Sept. 30, 1864.
Alcmcne Luther Nov. 27, 1864.

Note.—Many of the names of the Asteroids appear to us very unhappily
chosen. Thus, confusion is very likely to arise in printing or speaking, between
Iris and Isis, Lutetia and Lsetitia, Thetis and Metis, Thetis and Themis, Vesta
and Hestia, Hygeia and Egeria, Egeria and Eugenia, Pallas and Pales. Is it

too much to hope that the discoverers of the interfering members of tliese pairs

will reconsider their names? It is not yet too late: the Nymphs, Dryads,
Oceanidas, &c., afford an infinite choice of classic names, graceful and eupho-
nious. Metis is known to few as a mythological name, Pales to fewer as that of
a female divinity, Nemausa to none as the name of anybody (the ancient name
of Nismes was Nemausus).

III.

Synoptic Table of the Elements of the Orbits
OP THE Satellites, so far as thet are known.*

1. Th£ Moon.
Mean distance from earth - . . . . 60'-27343300

Mean sidereal revolution ----- 27*-321661418

Mean synodical ditto - .- - - - 29'" -5305887 15

Excentricity of orbit ----- 0-054908070

Mean revolution of nodes ----- 6793^-391080

Mean revolution of apogee - - - - - 3232'"-575343

Mean longitude of node at epoch - - - - 13° 53' l7"-7

Mean longitude of perigee at ditto - _ - . 266 10 7 '5

Mean inclination of orbit - - - - - > 5 8 39 '96

Mean longitude of moon at epoch - - - - 118 17 8 -3

Mass, that of earth being 1, - . - . 0-011364

Diameter in miles - ----- 2164-6

Density, that of the earth being 1, - - - - 0-5565*

• The distances are expressed in equatorial radii of the primaries. Tlie

epoch is Jan. 1. 1801, unless otherwise expressed. The periods, &c., are ex-

pressed in mean solar days, '



APPENDIX. 733

5i

-.3
to v

a

CO >o I- o>
O) Cf) 05
<n cN ^ <o
I- CfJ 00 CNl

<N 00

1^

O V
> J3 .v )->

« c g
(!) oi2

ca a>u -a

si

a

O a<

SS

a-g P.

V

3
3

o o
ai o
CO o
9
CO

5 <0 «5 0^

O >»1 •*

o o o o

O O O 00
10 0)10

. O
(M -I

o o o o o

05 t~ •<*< W2
«5 CI CO
00 « O 00

0^ Kl Ol

p p cfs o>

«3 m <h i)— o<

«c tn 01 <M
O 05 <D O
<p <n 05 l;-

. CO to 05 CI
' CO 05 05 Tt<

a Ol r-lC 05

_£i CO 05 05 (O
P-l

•O 05 t» <0

0)
u
o
3
Q>
cn

e
o

3

T3
a

CO

o
.a

w
oi

C

O

HM
>-]

w

<i
CO

CO

g d

S2

1-1

62

o S
CI' v
W3

00
05

Ci* c^.

T oi »o to
iri tfi ir5

Oi

CO I-
<^ (jj QJ

03 Csi 0-1

p o 9 o
6 6 o ort

00 to 00 00 O ^ CO
^ CO ^ ^

^ 00 -H CO O * —
i 1X3 -^f ^ Ol

«3 r- 03 05 t~
0*0(0—^0^1005 tCD

0» X 05 CO --^ Ol

O ' O
o 5 ^ ii O o
o> CO *-*

t:; CO

j><otocoooO"?0
OoioiOioi^ocom
«D-HCOCO>O^OPIO
O5qoooa;'p-7ir-oo
05'*'O<bc5d)(3Tf

o< n to

a),

o .ti

Ogl^-^-OlopOlcp^
oi(o'oxo>oo6
Ol Ol --H CM <5"

ai^cooo-cio—it^eo
BcoiO — <*'01'<l' U5

_O100i-«l— O101t-1>° Ol Ol -« -1 Ol

— d'f'OrJCTl
0< r-

!> a
>- ^

o °

3
T3

- r- rt ra
• u -5 o 2

, .2 «

a 0) i
a o.

-

•- 01 CO ^ "o to r- oo

C3 <u

5

:4 S

<|4 3
o •-

'

^ 0) •
p. o ^

te 2

t—• t/)

o S =•
o S o

O a^

.S '2

o o" ca

^ ^-

^2 fe 2

oj .5 -3

&> 0) t> • ^ ea

I—i -M .3

aj 'B

+- 0) O J/3 o ^
.a

O
c

b 01 4^1 3 2
S 13 J3 2 '13

>. to OJ
"3

M S m '35

^ °
i

3 — t- .-
J> *j 3
-3 = 3-3

a u a

o

(u 0) -a
-5 p. a

3 5
a CO _
3 CJ

9 .a

a

ou
a a

, 05

a

_ "a

to 5 01

J3

= 3 'S -

i3 O g S S-^

<u 3 B 3 a "3

p..:

•£ j3 a

.s s
3J

2:5
re ^

3 u

a Q, 01 -a .5
01 3 "3 " •- 1-1

^ _a -S >>_^ a>

3 E5
"So.^ 2 g CJ w>

"5 •=

o ttH a

a

3

^ •.='3
a 15 E"*

Q o
o a.



734 APPENDIX.

4J c o w

§ i

-

„ -5 ~ ^

TJ -- -

c 2

— ° c _— o — o -2

C £ o

42 13 _w ^ «

„, » or- v

o
tn

H
u
o
«5

O -< (O
y W C>

6 i) c-1
PI -I CM

El

h4

<o o o
<p p X t£>

• 6 00 "

S CT> 00 t~
(N CM »0

CM 00 (C r-

"-•so
5i c « a)

•- •=



APPENDIX. 735

H

a
o

oM

o
m
H
!zi

e
o

•2E

^ sfcj

CO 00

S -
00 05 P m (M <u

(M « to lo CTi

r «> o Q
^ o, O " O °^

o cn

<«55

g-Ew so
CO

•*

CO ;_;

vh « "5

00 'J' «3 s 5^ Ol .b
g to Ol Q

(N « W O
CO

„ <£> O) O)
-1 .-« >-c M

O CM ^ CI CM '

^ <j< CO CM CM
;

CO rf; o 1^ CO 0> •

CD O
—I CM

to
<?" -
o o
00

JJ

^ s

^ O 00
lO "5 r-i >-l

A CM
"S E ~ <»

t, CM CO 'J" —'
fJ

•O" O 0> «1 CM W C3

00 O ^ "-I

i-H -•CM

Gi .—
CO Q

= E

< Z
12 -a

00 —i

-I CO _
(M CO 00 2 S c^

S 2 CM

^2'
o

rr CO
•o cn r-" 00

62a

I!2
'» o«i m 1(5

.
CM CO "5 (OX^ <j

>^ CO * 05 CO

S CM O >0
f-i CO

.s
u
o
0)

0)

o
a

ho

.s

c

a>

a

=5 -a

u

tJ 111

CO

o

.-5
"3

I- '2

P. e

5 X
<u

O *'

•T3 •»

3 "
«-»

. „

* B

w
tfl

CO tj

c
O

'i-< >^
at

o
t*- *-»

o ^
OJ o

3)

w E £ § ° A'
=^

U p Oi g l>

c
o0, o C!

!2 (u » 2 -c '5

p.. «! 13 S C C

8 S .5 "3 ^ 3 c

uj .a
(J)

o ^ a j3

:n c u c o >;
.c

g " c s S HO O 0) 03 QJ J

£ 2 .5 3 a, .
•

O ^ " t— 01 roocas;
5 «

2 « *^ 3

UJ QJ ^ — 2 CU

~ V X fi c '

c

o
c Er" —H eft w t;

H. E W n3 "71 C1.T3

B 3

TO y

^ S Sol! "ok 13 ^

^ 1 *> « 2 J? .-2 .ti >>

'
.2J « c 1 ^ „ oT

-a w o
S S " o H

f^O .

^

o

"
13 - Qo

P3

« 1^ QJ ee a>

^ CO > aj=
cj bJD QJ _

« O t. C
• o « O
03 —

C3

C
• .2



736: APPENDIX."

Elements of the Orbit of the Earth as comphted by M. Leverrier,
FOR Intervals of 10,000 Years, from ICO.OOO Years before a.d. 1800
to 100,000 Years after that date.*

Eccentricity.
Longitude of
Perihelion. Inclination. Longitude of S^.

— 100,000 0-0473
0

316 18

o-

3

'

45

"

31

o

96 34— 90,000 0'0452 340 2 2 42 19 76 17— 80,000 0-0398 4 13 1 18 58 73 47— 70,000 0-0316 27 22 1 13 58 136 8— 60,000 0-0218 46 8 2 36 42 136 29— 50,000 0-0131 50 14 3 40 11 116 9— 40,000 00 109 28 36 4 3 1 91 59— 30,000 00151 5 50 3 41 51 66 49— 20,000 0-0188 44 0 2 44- 12 41 34— 10,000 0-0187 78 28 1 24 35 16 39
0 0-0168 99 30 0 0 0 0 0

+ 10,000 0-0155 134 14 1 14 26 148 15
+ 20,000 0-0047 192 22 2 7 46 124 29
+ 30,000 0-0059 318 47 2 .33 19 100 29
+ 40,000 0-0124 6 25 2 27 53 75 31
+ 50,000 0-0173 38 3 1 51 54 48 13

+ 60,000 0-0199 64 31 0 51 52 10 47
+ 70,000 00211 71 7 0 34 35 220 38

+ 80,000 0-0188 101 38 I 45 40 170 15

+ 90,000 0-0176 109 19 2 40 56 139 3

+ 100,000 0-0189 114 5 3 2 57 109 57

EXCENTRICITV AND LoNGITUDE OP THE PERIHELION OF THE EaRTh's OrBIT
FOR. A Million of Years Past and to Come, as computed by Mr.
Croli, {P/iil. Mag. April 1866).

Number of
Years before
iipoch 1800.

Excentricity.
Longitude of
Perihelion.

Number of
Years after

Epoch 1800.

Excentricity.
Longitude of
Prrihelion.

1,000,000 0-0151
0

248 2^ 50,000 0-0173
o

38 12

9.50,000 0-0517 97 51 100,000 0-0191 114' 50

900,000 0-0102 135 2 ] 50,000 0-0353 201 57

850,000 0 0747 239 28 200,000 0-0076 303 30

800,000 0-0132 343 49 250,000 00286 350 54

750,000 0-0575 27 18 300,000 0-0158 179 29

700,000 0-0220 208 13 350,000 0-0098 201 40

650,000 0-0226 141 29 400,000 0-0429 6 9

600,000 0-0417 32 34 450,000 0 023

1

98 37

550,000 0-0166 251 50 500,000 0:-0534 157 26

• 500,000 0-0388 193 56 550,000 0-0259 287 31

450,000 00308 356 52 600,000 00395 285 43

400,000 0-0170 290 7 650,000 00169 144 3

650,000 0-0195 182 50 700,000 00?57 17 12

300,000 0-0424 23 29 750,000 0-0195 0 53

250,000 0-0258 59 39 800,000 0-0639 140 38

200,000 0-0569 168 18 850,000 0-0144 176 41

150,000 0-0332 242 56 900,000 0-0659 291 16

100,000 0-0473 816 2 950,000 00086 115 13

50,000 00131 50 3 1 ,000,000 0-0528 57 31

0 0-0168 99 30

* CoiiiiaKsance dcs Temps potir I'an 1S43.
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Elements of Asteroids discovered since 1864.

a P e t

0 ' "

OO I5eatrice 2*437244 1389-78 V' \j'-J \JJ L 5 0 3-0

L^ilO - 1325-77 0-2361 'i42 9 22 25-11

OD J.O - - - 2-683884 1579-14 0- 1 908907 11 53 9-7

OD Semele 1984-73 0 2049 1 1

3

4 47 44-6

O / Sylvia ~ 3-494110 2385-66 0-0823 11 10 50 56-9

oc5 1 hisbs * ^ / \J LJ^ 1682-89 0-16'iin97 5 14 30-1

Julia ~ ~ ~ 2"'54983'j 1.487 19 0-1 803041 16 11 25 5

90 Antiope 3-138789 2031-15 0-1747166 2 16 47-8

91 /^igina 2-49 17 17 1436-63 0-0662013 2 9 31-6
Tn/Hino _l^llUlUd. — — 2C82-65 0-1031 710 9 57 30

ivxiiicrvti - ^ f tJxJiJ 1 \J 167 1 '07 O'l 409^70 8 36 31-8
Q4. Aurora ~ - 2052-1

2

8 5 18-5

ArGthusB. - ~ O \J\J o / ou 1 Qfi^-'JS1 CJU O 0<J \J I TtOO 12 51 1-5

yiiigic — 1949-7 1 io 0 Oi l

Q7 1592-3 1 11 44 58-4

98 lanthe 2-684535 1606-58 0-1891891 15 32 35-1

99
100 Hecate 2-993973 1892-21 0-1690456 6 9 50-4

101 Helena 2-573119 1507-61 0-1394040 10 4 19-5

102 Miriam 2-662367 1 586-72 0-2547668 3 6 3-3

103 Hera 2-702265 1622-52 0-0806707 5 21 35-2

104 Clymene - 3-179809 2071-09 0-1973404 2 53 26-7

105 Artemis 2-379975 1341-06 0-1761972 21 38 59-0

106 Dione 3-201010 2091-84 0-1950237 4 41 33-2

•or L E

83
0

27 33 31-2
0

193 49 32-0
0

339 49 351 1866. Oct. 1-.5, B.
84 337 22 1-1 339 11 58-1 353 48 43-6 1865. Nov. 13-0, B.
85 203 53 27-0 322 35 52-7 .102 6 43-6 1869. Jan. 0 0, B.
86 87 55 52-1 28 39 6-7 39 12 57-1 1866. Jan. 20-0, B.

87 76 24 4-6 336 59 9 '2 251 32 58-3 1866. May. 16-41, B.
88 277 42 52 5 308 50 52-4 304 59 21-7 1866. Aug. 4-5, B.

89 311 30 11-7 353 17 8-1 330 44 57-1 1866. Aug. 31-0, B.

90 71 14 59-6 301 1 28-5 351 A1 29-6 1866. Oct. 28 0, B.
91 11 41 34-8 68 54 3-3 281 27 18-8 1 869. June. 30-0, B.
92 102 52 32-7 333 21 56-0 278 25 58-8 1867. Jan. 0-0, B.
93 5 4 114 275 38 16 3 342 40 15-4 1867. Oct. 2-0, B
94 4 34 36-4 44 37 19-5 159 47 3-2 1870. Jan. 0 0, B.

95 244 22 31-4 30 22 34-4 127 59 11-2 1869. Jan. 0 0, B.

96 322 51 4 3 164 16 51-5 275 11 5-1 1870. Jan. 0 0, B.
97 160 36 34-8 65 33 36-0 126 8 500 1868. Jan. 0-0, B.
98
99

354 16 43-2 147 43 7-5 150 25 16-9 1868. Jan. 0-0, B.

100 128 16 59-3 343 0 46-1 316 7 52-7 1868. July. 11-0, B.
101 343 35 0-1 328 40 51 0 346 38 18-1 1868. Sept. 14-0, B.
102 211 32 43-2 355 9 10-2 302 28 54 -0 1868. Jan. 0-0, B.'

103 135 56 56-4 326 15 4-8 0 2 6-1 1868. Oct. 13 0. B.
104 43 46 42-1 62 1

1

55-4 18 24 14-2 1868. Sept. 14-0. B.
105 187 54 1-8 242 36 17-8 348 54 8 0 1868. Oct. 130, B.
106 62 42 38 9 35 37 53-6 22 25 0 2 1868. Oct. 11-0. B.

3 B
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Names of Discoverers and Dates of Discovery.

83 Beatrice Gasparis Anvil Q/? IS^^ttApril zo, ioov>.

84 Clio Luther xVUg. ZOt louO.

85 lo Peters oept, ly, looo.

86 Semele Tietjen Jan. ^, looo.

87 Sylvia Pogson iViay Id, Iood.

88 Thisbe Peters June lo, looD.

89 T .11

«

Stephan Aug. D, lOOD.

90 Antiope Luther

91 .^gina

92 UiiQina Peters J Uiy ZOj J OD ( .

93 Minerva Watson Aug. 24, 1867.

94 Aurora "Watson Sept. 6, 1867.

95 Arethusa Luther Nov. 23, 1867.

96 iEgle Coggia Feb. 17, 1868.

97 Clotho Tempel Feb. 17, 1868.

98 lanthe Peters April 18, 1868.

99 Borelli May 28, 1868.

100 Hecate Watson July 11, 1868.

101 Helena Watson Aug. 15, 1868.

102 Miriam Peters Aug. 23, 1868.

103 Hera Watson Sept. 7, 1868.

104 Clymene
Artemis

Watson Sept. 13, 1868.

105 Watson Sept. 16, 1868.

106 Dione

'—

1

Watson Oct. 10, 1868.
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INDEX.

N.B. The references are to the articles, not to the pages.
^, , ,^ , j

...attached to a reference number indicates that the reference extends to the article cited, and

several subsequent in succession.

A.

Abebbation- of light explained, 329.

Its uranographical effects, 333. Of
an object in motion, 335. How dis-

tinguished from parallax, 805. Sys-

tematic, 862.

Aboul We/a, 705.

Acceleration, secular, of moon's mean
motion, 740.

Adams, 506. 767.

Adjustment, errors of, in instruments,

136. Of particularinstruments. (See

those instruments.)

JEtna, portion of earth visible from, 32.

Height of, 32. note.

Ayathocles, eclipse of, 933. h., and
Table of Eras, art. 926.

Air, rarefaction of, 33. Law of den-

sity, 37. Refractive power affected

by moisture. 41.

Airy (G. B., Esq.), his results respect-

ing figure of the earth, 220. Re-
searches on perturbations of the

earth by Venus, 726. Rectification of

the mass of Jupiter, 757.

Albategnius, 430.

Algol, 821.

Altitude, used to find time, 129.

and azimuth instrument, 187.

s, equal, method of, 188.

Andromeda, nebula in, 874.

Angle ofposition, 204. Ofsituation,31 1.

Angles, measurement of, 163. 167.

Hour, 107.

Angular velocity, law of, variation of,

350.

Anomalistic year, 384.

Anomaly of a planet, 499.

Annular nebula;, 875.

Antarctic circle, 364. 382.

Apex of aberration, 343. Of parallax,

343. Of refraction, 343. Solar, 854.

Of shooting stars, 902. 904.

Aphelion, 368.

Apogee, Z&i. Of moon, 406. Period

of its revolution, 687.

Apsides, 406. Revolution of lunar,409.

Motion of, investigated, 675. Ap-
plication to lunar, 676... Motion

of, illustrated by experiment, 692.

Of planetary orbits, 694. Libration

of, 694. Motion in orbits very near

to circles, 696. In excentric orbits,

697...

Arago, 387. 395. 432. 776 j. 877.

j4rcs of meridian, how measured, 211.

Measures of some, 216. Russian,

Indian, and French, 223, a. , Note D.

Arctic circle, 364. 382.

Areas, Kepler's law of, 352..., 490.

Argelander, his researches on variable

stars, 820..., on sun's proper mo-
tion, 854.

Argo, nebute in, 887. Irregular star -q

in constellation, 830. 896. g., Note K.

Ariel, 551.

Aristillus, 430.

Ascension, right, 108. (See Right as-

cension.)

Asteroids, their existence suspected

previous to their discovery, 505.

Appearance in telescopes, 525. Gra-
vity on surface of, 525. Elements,

Appendix, Synoptic Table. Total

mass of,' inconsiderable, 525. List

of discoverers, and dates of dis-

covery. {See Synoptic Tables.)

Astraa, discovery of, 505.

Astrometer, 783.

Astronomy. Etymology, 1 1 . General

notions, 11.

Atmosphere, constitution of,33... Pos-

sible limit of, 36. Its waves, 37.

Strata, 37. Causes refraction, 38.

Twilight, 44. Total mass of, 242.

Of Jupiter, 513. Of the sun, see

Sun. Of the moon, 431.

At raclion of a sphere, 446—450. ( See

Gravitation.) To a spheroid, 238.



742

Augmentalwn of moon's apparent dia-

meter, 404.

Augustus, his reformation of mistakes
in the Julian calendar (919.). Era
of, 926.

Aurora Borealis, 115.

Australia, excessive summer tempera-
ture of, 369.

Auzout, 158. note.

Averages of results, their use, 137.

Axis of the earth, 82. Rotation per-

manent, 56. Major, of the earth's

orbit, 373. Of sun's rotation, 392.

Polar, its exact length, 223. a..

Note D. Equatorial, longer, ib.

Axis of a planetary orbit. Momentary
variation of, caused by the tangential

force only, 658. 660. Its variations

periodical, 661 ... Invariability of,

and how understood, 668.

Azimuth, 103—and altitude instru-

ment, 187.

B.

^aifreei, his torsion gravimeter, Note E.

Baity, his observation ofannular eclipse

of the sun, 425. His beads, 425.

Barometer, nature of its indication, 33.

Use in calculating refraction, 43.

In determining heights, 287.

Base, measurement of, 273.

Beads, Baily's, 425.

Beer and Maedler, their work on the

moon, 429.

Belts of Jupiter, 512. Of Saturn, 514.

Besset, his results respecting the figure

of the earth, 220. Discovers paral-

lax of 61 Gygni, 812.

Biela's comet, 579...

Biot, his aeronautic ascent, 32.

Birt, his examination of lunar craters,

430, Note H.
Bissextile, 932. Omar's proposal for

its periodical omission, Note A. on

art, 926.

Bode, his (so-called) law of planetary

distances, 505. Violated in the case

of Neptune, 507.

Boguslawski, remarkable observation

of Halley's comet by, 571. note.

Bohnenberger, his principle of coilima-

tion, 179.

Bond, Prof. , his observations ofinterior

ring of Saturn, 521. His discovery

of an eighth satellite of Saturn, 648.

Borda, his principle of repetition, 198.

Bouvard, his suspicion of extraneous

influence on Uvanns, 760.

Brewster (Sir D.), his polarizing eve-

piece, 204. d.

Britith geometric system of weights

and measures, 223. a.. Note D.
BroHn, his torsion gravimeter, Note

E.

C.

CtEsar, his reform of the Roman calen-

dar, 917.

Calendar, Julian, 917. Gregorian, 914.

Calms, equatorial, 244.

Carrington, solar phaenomenon ob

served by, 387. c, Note G. His
researches on the sun's spots, ih.

Cause and effect, 439. and note.

Cavendish, his experiment, 776. h.

Center of the earth, 80. Of the sun, 462.

of gravity, 360. Revolution
about, 452. Of the earth and moon,
452. Of the sun and earth, 451.

Centrifugal/orce. Elliptic form ofearth

produced by, 224. Illustrated, 225.

Compared with gravity, 229. Of a
body revolving on the earth's sur-

face, 452.

Ceres, discovery of, 505.

ChalUs (Prof.), 506. note.

Charts, celestial. 111. Construction

of, 291... Bremiker's, 506. and note.

Chinese records of comets, 574. Of
irregular stars, 831.

Chronometers, ho\? used for determin-

ing differences of longitude, 255.

Circle, arctic and antarctic, 95. Verti-

cal, 100. Hour, 106. Divided, 163.

Meridian, 174. Reflecting,197. Re-

peating, 198. Galactic, 793. Mural,

163. 168. Arctic and antarctic, 364.

312. "s co-ordinate, 181.

Clamp, 163.

Clarke (Alvan), his detection of a

companion of Sirius, 859. a.. Note J.

Clarke (Capt. A. R.), his compulation

of the dimensions and figure of tiie

earth, 223. a.. Note D.

Clausen, his orbit of comet of 1843,

596.

Clepsydra, 150.

Climate, 366... Secular changes of,

369. 6..., 701.

Clock, 151. Error and rate of, how
found, 253.

Clockwork applied to equatorial, 186.

Clouds, greatest height of, 34. Jlagcl-

lanic,892... Solar, NotoO.395. dd.

Ousters of stars, 864... Globular, 867.

Irregular, 869.
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CcUimation, line of, 185.

Collimator, floating, 178. Bohnen-

berger's, 179.

Cohured stars, 851...

Colson, his maps, 284.

Colures, 307.
.

Comets, 554. Seen in day-time, 555.

590. Tails of, 556...566. 599. Ex-

treme tenuity of, 558. General de-

scription of, 560. Motions of, and

described, 561... Parabolic, 564.

Elliptic, 567... Hyperbolic, 564. Di-

mensions of, 565. Of Halley, 567^.

Of Cffisar, 573. OfEncke, 576. Of

Biela, 579. Its subdivision into two,

580. OfFaye, 584. Of Lexell, 585.

Of De Vico, 586. Of Brorsen, 587.

Of Peters, 588. Synopsis ofelements

(Appendix). Increase of visible di-

mensions in receding from the sun,

.571.580. Great, of 1834,589... Its

supposed identity with many others,

594... Interest attached to subject,

597. Cometary statistics, and con-

clusions therefrom, 601. Conclu-

sions from the phfenomena of their

tails, 570. Possible cause of their

acceleration of period, 570. Heat

sustained by, 592. Principal dis-

coverers of, 597. Periodic, form two

distinct families, COl. a. Of 1680,

573. Of 1556,574. Of D'Arrest,601.

h. Orbits of, identical with those of

meteors, 905. H jj-, Note N.

Commensurahilitij (near) of mean mo-

tions; of Saturn's satellites, 550. Of

Uranus and Neptune, 669. and note.

Of Jupiter and Saturn, 720. Earth

and Venus, 726. Effects of, 7 1 9.

Compensation of disturbances, how ef-

fected, 719. 725.

Compression of terrestrial spheroid, 221.

Configurations, inequalities depending

on, 655...

Conjunctions, superior and inferior,

469. 473, Perturbations chiefly pro-

duced at, 713.

Consciousness of effort when force is

exerted, 439.

Constellations, 60. 30 1. How brought

into view by change of latitude, 52.

Rising and setting of, 58.

Copernican explanation of diurnal mo-
tion, 76. Of apparent motions of

sun and planets, 77.

Correction of astronomical observa-

tions, 324... — s. Uranographical

summary, view of, 342... Order of

application of, 345.

Craters, lunar, their great size ex-

plained, 430. a.. Note H. Models

of by Mr. Nasmyth, 437.

Culminations, 125. Upper and lower,

126.

Cycle, of conjunctions of disturbing

and disturbed planets, 719. Meto-

nic, 926. Callippic, ib. Solar, 921.

Lunar, 922. Of indictions, 923. Of

eclipses, 426.

Cyclones, 245. a.

D.

Barkening glasses, 204. e.

Dates, Julian and Gregorian, interval

between, how computed, 927...

Dawes (Rev. W. R.), his mode of ob-

serving solar spots, 204. e. His dis-

covery of the sun's interior enve-

lope, 389. a. His observation of

interior ring of Saturn, 521. His

discovery of bright spots on Jupi-

ter's belts, 512. Of an eighth satel-

lite of Saturn, 548.

Day, solar, lunar, and sidereal, 143.

Ratio of sidereal to solar, 305. 909.

911. Solar unequal; 146. Mean

ditto, invariable, 908. Civil and as-

tronomical, 147. Intercalary, 916.

Days elapsed between principal chro-

nological eras, 926. Rules for rec-

koning between given dates, 927.

Formulse for, Note C. Of week not

the same over the globe, 257. And

nights, their inequality explained,

365.

Declivation, 105. How obtained. 295.

Parallels of, 113.

Definitions, 82.

Delarve (W., Esq.), his stereographs of

the moon,430.o., Note H. His pho-

tographs ofthe sun. 400 a. His veri-

fication of the willow-leaved struc-

ture of its surface, 387. a., Note G.

Degree of meridian, how measured, 2 10.

...Error admissible in, 215. Length

of in various latitudes, 216. 221.

Density of earth, how determined, 776.

a, b.

Densities of sun and planets, 508. b.

(See also Synoptic Table.)

Diameters of the earth, 220, 22 1. Of
planets, synopsis, Appendix. {See

also each planet.)

Dilatation of comets in receding from

the sun, 578-

Diminution of gravity at equator, 231.

Dione, 548.
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Dip of horizon, 23.

sector, 18, 19.

Dines of stars, 816.

Distance of the moon, 403.; the sun,'

357.; fixed stars, 807. 812...; of
the earth and planets from the bun,
hitherto overrated, correction re-

quired, 357. a., NoteF;
;
polar, 105.

Districts, natural, in heavens, 302.

Disturbing forces, 455. Of sun, on
moon, 606. Nature of, 609... Ge-
neral estimation of, 611. Nume-
rical values, 612. Unresolved in

direction, 614. Resolution of, in

two modes, 615. 618. Effects of

each resolved portion, 616... On
moon, expressions of, 676. Geo-
metrical representations of, 6 7 6. 717.

Diurnal motion explained, 58. Pa-
rallax, 339. Rotation, 144.

Double refraction, 202. Image mi-

crometer, a new, described, 203. Co-
met, 5£0. Nebulie, 878.

Double Stars, 833... Specimens of

each class, 835. Orbital motion

of, 839. Subject to Newtonian at-

traction, 843. Orbits of particulai-,

843; Dimensions of these orbits,

844.848. Coloured, 851... Appa-
rent periods affected by motion of
light, 863.

Dove, his law of temperature, 370. Of
rotation of winds, 245. a.

Drainage basins, 289.

E.

Earth. Its motion admissible, 15.

Spherical form of, 18. 22..., 419.

Optica] effect of its curvature, 25.

Diurnal rotation of, 52. Uniform, 56.

Permanence of its axis, 57. Figure
spheroidal, 207. 219... Dimensions
of, 209. 210. 220. 233. a.. Note D.
Elliptic figure a result of theory,

• 229. Temperature of surface, how
maintained, 336. Appearance as

seen from moon, 436. Velocity in

its orbit, 474. Disturbance by Ve-

nus, 726. Density of, 776. a. h.

Solid content of,' 776.

Eclipses, 411... Solar, 420, Note O.

Lunar, 421... Annular, 425. Periodic

return of, 426. Number possible in

a year, 426. Of Jupiter's satellites,

266. 538. Of Saturn's, 549. Total

of sun, phsenomena of, 395. Ancient,

their use in fixing dates, 933...

Ecliptic, 305... Its plane slowly vari-
able, 306. Cause of this variation
explained, 640. Poles of, 307. Li-
mits, solar, 412. Lunar, 527. Ob-
liquity of, 305f 306.

Egyptians, ancient, chronology, 912.
Elements oi a planet's orbit, 493. Va-

riations of, 6-52... Of double star or-
bits, 843. Synoptic table of planet-
ary, &c.. Appendix.

Ellipse, variable, of a planet, 653. Mo-
mentary or osculating, 654.

Elliptic motion a consequence of gra-
vitation, 446. Laws of, 489... Their
theoretical explanation, 491.

Ellipticity of the Earth, 208; 221. Of
its meridians, 223. a.. Note D. Of
its equator, ib. Of Jupiter, 512. a.

Elongationj 331. Greatest, of Mercury
and Venus, 467.

Enceladus, 548., note.

Encke, comet of, 576. His hypothesis
of the resistance of the ether, 577.

Epoch, one of the elements ofa planet's

orbit, 496. Its variation not inde-

pendent, 730, Variations incident

on, 731; 744.

Equation of light, 335. Of the center,

375. Of time, 379. Lunar, 452.

Annual, of the moon, 738. Men-
strual, of the sun, 528.

Equator, 84. 112. Of the earth some-
what elliptic, 223. a.. Note D.

Equatorial, 185.

instrument, 84. 112.

calms, 224.

Equilibrium, figure of, in a rotating

body, 224. Exemplified by an ex-
periment, 225.

Equinoctial, 97. 1 13. Time, 148; 985.

Equinox, 293. 303. 307. 362.

Equinoxes, pce.c.e.ssxon of, 318. Its ef-

fects, 313. In what consisting, 314...

Its physical cause explained, 642...

Eras, chronological list of, 926.

Erratic stars, 297.

jE/-ror«, classification of, 133. Instru-

mental, 135... Of adjustment, 136.

Their detection, 140. Destruction
of accidental ones by taking means,
137. Of clock, how obtained, 293.

Establishment of a port, 754.

Ether, resistance of, 577.

Evection of moon, 748.

E'!olute of ellipse, 219, 22a
Exccntricitics, stability of Lagrange's

theorem respecting, 701.

Excentricity in a divided circle, how
eliminated, 141. Earth's orbit, 354.
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Past and future, see tables in Ap-
pendix. How ascertained, S77. Of

the moon's, 405. Momentary per-

turbation of, investigated, 670. Ap-

plication to lunar theory, 688, Va-

riations of, in orbits nearly circular,

696. In excentric orbits, 697. Per-

manent inequalities depending on,

719.

FaculcB of the sun, 388. Explained,

395. a.

Faye, comet of, 584. and Appendix.

Field of view, 160.

Fixed stars. See Stars.

Fizeau, his measure of the velocity of

light, 545.

Flora, discovery of, 505.

Focui, upper. Its momentary change

of place, 670. 671. Path of, in virtue

of both elements of disturbing force,

704. Traced in the case of the

moon's variation, 706... And par-

allactic inequality, 712. Circulation

of, about a mean situation in planet-

ary peirturbations, 727.

Force, metaphysical conception of, 439.

Forced vibration, principle of, 650.

Forces, disturbing. See Disturbing

force.

Foucault, his pendulum experiment,

245. c. His gyroscope, 245. A. His

determination of the velocity of

light, 357. a., Note F.

Friction as possibly a source of the

sun's heat, 400." 905. a..., 387 cc.

Note G.

G.

Galactic circle, 793. Polar distance, ib.

Galaxy composed of stars, 302. Sir

W. Herschel's conception of its form

and structure, 786. Distribution of

stars generally referable to it, 786.

Its course among the constellations,

787... Difficulty of conceiving its

real form, 792. Telescopic analysis

of, 797. In some directions unfa-

thomable, in others not, 798.
GaZ/e (Dr.), 506. Finds Neptune in

place indicated by theory, 768. First

notices the interior ring of Saturn,
522.

Galloway, his researches on the sun's

proper motion, 855.

Gascoic/ne, 158.

Gasparis (Sig. De), discovers a new
planet (Appendix).

Gauging the heavens, 793.

GeoceniWc longitude, 503. Place, 371.

497.

Geodesical measurements,—their na-

ture, 247.

Geography, 111. 129... 205...

Glaisher, his balloon ascent, 32.

Glasses, darkening, 204. c.

Globe, artificial, an experiment with,

245./
Globular clusters, 865- Their dynami-

cal stability, 866. Specimen list of,

867.

Golden number, 922.

Goodricke, his discovery of variable

stars, 821.

Goldschmiiit: (See Asteroids.) His

observations of Sirius, 859. a., Note

J.

Gravitation, how deduced from phano-
mena, 444... Elliptic motion a con-

sequence of, 490...

Gravity, center of, see Center of gravity.

Gravity diminished by centrifugal

force, 23 1 . Measures of, statical, 234.

Dynamical, 235. Force of, on the

moon, 433... On bodies. at surface

of the sun, 440. Of other planets,

tee their names.

Greenwich, latitude of, 123.

Gregorian reform of calendar, 915.

Gyroscope, 245. h...

H,

Habitdbility of the moon, 436. a, b.

Hadley, his sextant, 1 94, His expla-

nation of the trade winds. {See

Winds.)
Ilaltey. His comet, 567. First no-

tices proper motions of the stars,

852.

Hansen. His detection of long ine-

qualities in the moon's motions,

745...

Harding discovers Juno, 505.

Harvest moon, 428. 6.

Heat, supply of, from sun alike in

summer and winter, 368. How affect-

ed by changes in the earth's orbit,

369. b... How kept up, 400, Sun's
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expenditure of, estimated, 397. Re-
ceived from the sun by different

planets, 508. Endured by comets
in perihelio, 592.

Hehe, discovery of, 505.

Heights above the sea, how measured,
286. Mean of the continents, 289.

Heliocentric place, 372. 498. 500.

JTeliometer, 201.

Helioscope, 204. e.

Hemispheres, terrestrial and aqueous,

284.

Hencke discovers Hebe and Astrjea,

505.

Henderson, his determination of the

parallax of a Centauri, 807.

Herschel (Sir Wm..), discovers Uranus,

595, and two satellites of Saturn,

548. His method of gauging the

heavens, 793. Views of the struc-

ture of the Milky Way, 786. Of
nebular subsidence, and sidereal ag-

gregation, 869. 874. His catalogues

of double stars, 835. Discovery of

their binary connexion, 839. Of
the sun's proper motion, 854. Clas-

sifications of nebulsB, 868. 879. note.

Herschel (Miss C), comets discovered

by, 597. Nebula discovered by, 874.

Herschel (Vto(. A. S.), his observations

of meteors, Note N. 905. a a.
, jj.

Herschel (Capt. J.), his observations

of nebulae. Note K. 896. (7., 896 /t A.;

of solar eclipses. Note O.

Hind, his calculation of the return of

comets, 574. Classification ofcomets,

601.

Hipparchvs, 281.

Hodgton, his observations of a phaeno-

menon in the sun, 387. a., Note G.

Horizon, 22. Dip of, 23. 195. Ra-
tional and sensible, 74. Celestial,

98. 113. Artificial, 173.

Horizontal point of a mural circle, how
determined, 175.

Horrockes, 158.

Wmir circles, 136. 113. Glass, 150.

Huggins (Dr.), his observations on

new star in Corona, 831. ; on the

spectra of nebula:. Note K. 896.

h h ; of the red prominences project-

ing from the sun. Note O ; of the

tails of comets, Note O. 395. dd;
of Sirius, Note J. 859. 6 b.

Humboldt, his determination of the

mean heights of continents, 289.

Hurricanes, 245. b,

Hyperion, 548.

I.

Tapetus, 548.
Illumination of field of view, 204. a.

Red, its advantages, 204. b. Of
wires, 204 b.

Immersions and emersions of Jupiter's
satellites, 538...

Inch, British, remarkable relation of
to the length of the earth's axis of
rotation, 223. a.. Note D.

Iticlinalion of the moon's orbit, 406.
Of planets' orbits distu rbed by ortho-
gonal force, 619. Physical impor-
tance of, as an element, 632. Mo-
mentary variation of, estimated, 633.
Criterion of momentary increase or
diminution, 635. Its changes peri-

odical and self-correcting, 636. Ap-
plication to ease of the moon, 638.

Inclinations, stability of, Lagrange's
theorem, 639. Analogous in their

perturbations to excentricities, 699.
Indictions, 923.

Inequality. Parallactic of moon, 712.

Great, of Jupiter and Saturn, 720...

Inequalities, independent of excentri-

city, theory of, 702... Dependent
on, 719.

Instrument-m&Vmg, its difficulties,131.

Equatorial, 185. Alt-azimuth, 187.

InstrumentalerroTs^how detected,! 39...

Instruments, theory of, 140...

Intercalation, 916.

Iris, discovery of, 505...

Iron, meteoric, 888.

his. ( See table of Asteroids.

)

J.

James (Sir H.), his projection of the

sphere, 283. His measure of at-

traction of Arthur's Seat, 776. e.

Julian period, 924. Date, 930. Re-
formation, 918.

Juno, discovery of, 505.

Jupiter, physical appearance and de-

scription of, 511. Ellipticity of,

512. Belts of, 512. Gravity on

surface, 508. Satellites of, 510.

535. Their use for determining

longitudes, 266. Seen without sa-

tellites, 543. Density of, 508. b.

Recommended as a photometric

standard, 783. Elements of, etc.

{See Synoptic Table, Appendix.)
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Jupiter and Saturn, their mutual per-

turbations, 700. 720...

K.

Kater, his mode of measuring small

intervals of time, 150. His colli-

mator, 178.

Kepkr, his laws, 352. 487. 439. Their

physical interpretation, 490...

L.

Lagging of tides, 753.

Lagrange, nis theorems respecting the

stability of the planetary system,

639. 669. 701.

Laplace accounts for the secular acce-

leration of the moon, 740.

Larissa, eclipse of, 933. And Table,

926.

Lassell, his observation of spots on

Jupiter's belts, 512. His discovery

of Ariel and Umbriel, 557. Of an

eighth satellite of Saturn, Hype-
rion, 548. His observations at

Malta, 551.

Latitude, terrestrial, 88. Parallels of,

89. How ascertained, 119. 129. Ro-

mer's mode of obtaining, 248. On a

spheroid, 247. Celestial, 308. He-
liocentric, how calculated, 500. Geo-

centric, 503. Of a place invariable,

31. Of Greenwich, 123.

Laws of nature how arrived at, 139
Subordinate, appear first in form of

errors, 139. Kepler's, 352. 487...

Leap-gear, 917.

Level, spirit, 176. Lines, 289. Sea,

285. Strata, 287.

Leverrier, 506, 507. 767.

Lexell, comet of, 585.

Libration of the moon, 435. How
availed of for stereoscopy, 430. a.,

Note H. Of apsides, 694.

Light, aberration of, 33 1 . Velocity of,

331. How ascertained, 545. Over-

rated.its correction, 357. a., NoteF.
Equation of, 335. Extinction of, in

traversing space, 798. Distance mea-

sured by its motion, 802... Of certain

stars compared with the sun, 817...

Effect of its motion in altering ap-

parent period of a double star, 863.

Zodiacal, 897.

JJmits, ecliptic. (See Ecliptic limits.)

l.ocal time, 252.

Lochyer (J. N., Esq.), his spectro-
scopic observations. Note O.

Lofirmann, his charts of the moon, 437.

London, center of the terrestrial hemi-

sphere, 284.

Longitude, terrestrial, 90. How deter-

mined, 121. 251... By chronometers,

255. By signals, 264. By electric

telegraph, 262. By shooting stars,

265. By Jupiter's satellites, &r., 266.

By lunar observations, 267... Celes-

tial, 308. Mean and true, 375. He-
liocentric, 500. Geocentric, 372. 503.

Of Jupiter's satellites, curious rela-

tions of, 542.

Lunar distances, 367... Volcanos and

craters, 430. a.. Note H.

Lunation (synodic revolution of the

moon), its duration, 418.

M.

Maclear, his measurement of arc a!

the Cape, 220. His rediscovery of

d'Arrest's comet, 601. b.

Magellanic clouds, 892...

Magnetic storm, remarkable, 387. a.

Note G.
Magnetism, terrestrial, connected with

spots on the sun, 394. c.

Magnitudes ol' atais, 780... Common
and photometric scales of, 780...

And Appendix.
Mam, his observation of Saturn, 522. a.

Maps, geographical, construction of,

273. Celestial, 290... Of the moon,
437. Projections used in, 246. 280...

Mark, meridian, 190.

Mars, phases of, 484. Gravity on sur-

face, 508. Continents and seas of,

510. Elements (Appendix). Ro-
tation on its axis, 510

Maskelyne, his measure of attraction of

a mountain, 776. e.

Masses of planets determined by their

satellites, 532. By their mutual
perturbations, 757. Of Jupiter's

satellites, 758. Of the moon, 759.

Of the sun and planets, over-esti-

mated, correction, 357. a.. Note F.
Mean motions of Jupiter's satellites,

singular relation of, 542. Do. of
Saturn's, 550,

Menstrual equation, 528.

Mercator's projections, 281. 283.

Mercury, synodic revolution of, 472.

Velocity in orbits, 474. Stationary

points of, 476. Phases, 477. Greatest
elongations, 482. Transits of, 483.

Heat received from sua. 508. Phy-
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sical appearance and depciijiii'.

509. Elements of (Appendix).
Aferi'di'an, terrestrial, 85. Celestial, 101.

Line, 87. 190. Circle, 174. Mark,
190. Arc, how measured, 210. Arcs,
lengths of. in various latitudes, .216.

Length of a degree of, in feet, 22 1

.

Messier, his catalogue of nebula;, 865.

Meteors,898. Periodical, 900... Heights
of, 904. Recent discoveries respect-

ing, Note N. Of Aug. 10 and Nov.

13, their orbits, 905. ii.jj-. Note N.
Metis, discovery of, 505.

Michell, his invention of the torsion-

balance, 776. h. Its application to

measure density of the earth, 776. t.

His speculations on the distribution

of stars, 833.

Micrometers, 199... Double image,
200... Position, 204.

MiUij/ way. (-See Galaxy, 302.)
Mimas, 550., and note.

Mines, oscillations of pendulum in,833.

Mira Ceti, 820.

Mitchell (Miss), her discovery of a
comet, 558. 597.

Month, lunar, 418. 934. note.

Moon, her motion among the stars, 401.

Distance of, 403. Magnitude and
horizontal parallax, 404. Augmen-
tation, 404. Her orbit, 405. Kevo-
lution of nodes, 407. Apsides, 409.

Occultation of stars by, 414. Phases
of, 416. Brightness of surface, 417.,

note. Redness in eclipses, 422. Si-

dereal and synodic revolution, 418.

Physical constitution of, 429... Des-
titute of sensible atmosphere, 431.

Mountains of, 430. Volcanic cra-

ters of, 430. a.. Note H. Climate,

431... Inhabitants, 434. Habita-

bility, 436. a, b. Libration, 435.

Visible in total eclipse, 424. note.

Harvest, 428. b. Influence on wea-
ther, 432. and note. Rotation on

axis, 435. Appearance from earth,

436. Maps and models of 437, 430. a.

Stereographic representation of, ib.

Real form of orbit round the sun,

452. Gravity on surface, 508. Her
mass and density. (Sec Synoptic

Table of Elements, III.) Motion of

her nodes and change of inclination

explained, 638 .. . Motion of apsides,

676... Variation of excentricity,

688... Parallactic inequality, 712.

Annual equation, 738. Evcction,

748. Variation, 705... Tides ]iro-

duccd by, 761.

Motion, apparent and real, 15. Diur-
nal, 52. Parallactic, 68. Relative
aud absolute, 78... Angular, how
measured, 149. Proper, of stars,

852... Of sun, 854.

Mountains, their proportion to the
globe, 29. Of the moon, 430. At-
traction of, 776. d.

Mowna Koa, 32.

Mural circle, 168.

N,

Nabonassar, era of, 926.

Nadir, 99.

iVusmyf/i (Jas., Esq), his discovery of

the willow-leaved structure of the

sun's photosphere, 387. a.. Note G.
His model of lunar craters, Note L

Nebula, classifications of, 868. 879.
note. Law of distribution, 868.
Resolvable, 870. Elliptic, 873. Of
Andromeda, 874. Annular, 87.5.

Planetary, 876. Coloured, t6. Dou-
ble, 878. Of sub-regular forms, 881,
882. Irregular, 883. Of Orion,

885. Of Argo, 887. Of Sagit-

tarius. 888. Of Cygnus, 891. Miss-
hag, 896. a.. Note K. Variable, ib.

General catalogue of, ib. Spectro-

scopic observations of, Note K.
Nebular hypothesis, 872.

iVeiu^oM.9 matter, 871. Stars, 880.

Neptune, discovery of, 506 768. Per-

turbations produced on Uranus by,

analysed, 765... Place indicated by

theory, 767. Elements of, 771...

Perturbing forces of, on Uranus,
geometrically exhibited, 773- Their

effects, 774... Its periodic time, 774.

Newton, his theory of gravitation, 490

...et passim.

Nodes of the sun's equator, 390. Of
the moon's orbit, 407. Passage of

planets through, 460. Of planetary

orbits, 495 Perturbation of, 620...

Criterion of their advance or recess,

622. Recede on the disturbing or-

bit, 624... Motion of the moon's,

tiicory of, 638. Analogy of their

variations to those of perihelia,

699.

Nomenclalure of Saturn's satellites,

548., note.

Nonayesimal point, how found, 310.

Noon, mean and apparent, 378.

Normal disturbing force and its effects,

A IS. Action on excentricity and

uevUiclion, 673, Action on lunar
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apsides, 676. Of Neptune on Ura-

nus, its effects, 775.

Nubecula, major and minor, 892...

Number, golden, 922.

Nutation, in what consisting, 321.

Period, 322. Common to all celes-

tial bodies, 323. Explained on phy-

sical principles, 648. Mode of cor-

recting for, 325.

0.

Oberon, 551.

Object glass, divided, 201.

Objects, test for telescopes, 836.

Obliquity of ecliptic, 303. Produces

the variations of season, 362.

Slowly diminishing, and why, 640.

Observation, astronomical, its pecu-

liarities, 138.

Occultation, perpetual, circle of, 113.

Of a star by the moon, 413... Of

Jupiter's satellites by the body,

541. Of Saturn's, 549.

Olbers discovers Pallas and Vesta, 505.

His hypothesis of the partial opacity

of space, 798.

Omar, his proposal for a rule for bis-

sextiles, Note A., 926.

Opacify, partial, of space, 798-

Oscillations, forced principle of, 650.

Orbits of planets, their elements (Ap-

pendix) of double stars, 843. Of

comets. (See Comets.)

Orthogonal disturbing force, and its

effects, 616. 619.

Orthographic projection, 280.

-P.

Palitzch discovers the variability of

Algol, 821.

Pallas, discovery of, 505.

Palm trees, their disappearance from

Judsea, 369. c.

Parallactic mstTame-Dt,l85. Inequality

of the mooD, 712. Of planets, 713.

Unit of sidereal distances, 804. Mo-

tion, 68.

Parallax, 70. Geocentric or diurnf.l,

339. Heliocentric, 341. Horizontal,

355. Of the moon, 404, Of the

sun, 357 479. 481. Over-estimated,

its probable correction, 357,

Note F. Of Mars, ib. Annual, of

stars, 800. How investigated, 805...

Of particular stars, 812, 813. 815.

Systematic, 862. Effect of, on luriAr

distances, 271. As a uranogra-

phical correction, 341. Calculation

of, 338.

Paris, longitude of, 262.

Peak of Teneriffe, 32.

Pendulum-cloxik, 89. A measure of

gravity, 235.

Pendulum used as a measure of gra-

vity, 235. Seconds, length of, 225.

Foucault's, 245. e... Used to mea-

sure density of the earth, 776./, g.

Penumbra, 420. Of solar spots. (-See

Spots.)

Perigee, 368. a. Of the moon, 406.

Perihelia and excentricities, theory of,

670...

Perihelion, 368. Of the earth, its pe-

riod of revolution, 366. b. Effect

of its revolution on seasons, 369. b.

Longitude of, 495. Passage, 496.

Heat endured by comets in, 592.

Period, Julian, 924. Of Planets (Ap.)

Periodic timeof a body revolving at the

earth's surface, 442. Of planets, hoir

ascertained, 486. Law of, 48. Of a

disturbed planet permanently al-

tered, 734...

Periodical stars, 820... List of, 825.

Perspective, celestial, 114.

Perturbations, 602... Of Uranus by

Neptune, 767...

Peiers, his researches on parallax, 815.

On proper motions of stars, 859.

Phases of the moon explained, 416.

Of Mercury and Venus, 465. 477.

Of superior planets, 484.

Photographic representation of the

moon, 457.

Photometric scale of Star magnitudes,

780.

Photometry of st-ars, 783.

Piazzi discovers Ceres, 505.

Picard, 158.

Piddington on Cyclones, 245. d.

Pigott, variable stars discovered by,

824...

P/aces, mean and true, 374. Geometric
and heliocentric, 371. 497.

Planetary nebulse, 876... Note K.
Planets, 299. 455. Apparent motions,

457... Stations and retrograda-

tions, 459. Reference to sun as

their center, 462. Community of

nature with the earth, 463. Ap-
jiarent diameters of, 464. Phases

of, 465. Inferior and superior, 476.

Transits of (see Transit). Motions
explained, 468. Distances, how
concluded, 471. Periods, how found,

472. Synodical revolution, 472.486
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Superior, their stations and retrogra-

dations, 485. Magnitude of orbits,

how concluded, 485. Elements of,

495. {See Appendix for Synoptic
Table.) Densities, 508. Physical
peculiai-ities, &c., 509... Illustration

of their relative sizes and distances,

526. Division into classes, 525; a.

Plantamour,hia calculations respecting

the double comet of Biela, 583.

Pleiades, 865. Assigned by Madler
as the central point of the sidereal

system, 861. Bright nebula dis-

covered in, 896. a., Note K.
P/Mm6-/z>ie, direction of, 23. tJseof, in

observation, 175. On a spheroid, 219.

Pogson,h\B observation ofvariable stars,

825. Discovery of asteroids. (Se[>

Synoptic Table.) His observation

of a temporary star in a globular

cluster, 896. a.. Note K.
Polar distance, 105. Point, on a mural

circle, 170. 172.

Polar'zaiion, 387.

Polarizing eye-piece, 204. d.

Poles, 83. 112, 113. Of ecliptic, 307.

Their motion among the stars, 317.

Pole-star, 95. Useful for finding the

latitude, 171. Not alvcays the same,

318. What, at epoch of the build-

ing of the pyramids, 319.

Pores of the sun's surface, 387- Ex-
plained, 398. In what consisting,

387. a., Note G.
PoszVion, angle of, 204. Micrometer, ?J.

Pouillet (M.), his measure of solar ra-

diation, 397. a., note.

Powell {'Ei. B., Esq.), his elements of

double star orbits, 843. His ob-

servations of a variable nebula,

896. a.. Note K.
Powell (Prof.), his explanation of the

gyroscope, 345./
Preesepe, Cancri, 865.

Precession of the equinoxes. 312. In

what consisting, 314... Effects, 313,

Physical explanation, 642...

Priming and lagging of tides, 753.

Principle of areas, 490. Of forced

vibrations, 650. Of repetition, 198.

Of conservation of vis viva, 663.

Of collimation, 178.

Pritchard {Eey. C.),his verification of

the wiliow-leaved structure of the

sun's photosphere, 387, a.. Note G.

Problem of three bodies, 608.

Problems in plane astronomy, 127...

309...

Projection of a star on the moon's limb,

414. note.

Projections of the sphere, 280... A
simple and convenient described,

283. Of equal areas, 283. b.

Proper motions of the stars, 852. Of
Sirius, inequalities in, 859. Probable
explanation of, 859. a.. Note J, Of
the sun, 853. 858, a.. Note L.

Pyramids, 319.

R.

Radial disturbing force, 615...

Radiation, solar, on planets, 508. On
comets, 592.

Rate of clock, how obtained, 293.

Reading off, methods of, 165. Oppo-
site effect ofin eliminating errors,141

.

Redfield on hurricanes, 245. d.

Reduction of astronomical observa-

tions, 336.

Reflecting circle, 197.

Reflectors, large, how collimated, 204.y.

Reflexion, observations by, 173.

Reformation of calendar by Csesar, 918.

By Augustus, 919. By Pope Gre-
gory, 932. Proposal by Omar for,

fi06. Note A.
Refraction, 38. Astronomical and its

effects, 39, 40. Measure of, and law
of variation, 43. How detected by
observation, 142. Terrestrial, 44.

How best investigated, 191.

Reid (Sir W.), on hurricanes, 245. d.

Repetition, principle of, 198.

Resistance of ether, 577.

Retrogradations of planets, 459. Of
nodes. {See Nodes.)

Reversal, principle of, 161.

Reynaud (M.), his speculations on va-

riation of climate, 369. c. note.

Rhea, 548. note.

Right ascension, 108. How deter-

mined, 293.

Rings of Saturn, dimensions of, 514.

Phcenomena of their disappearance,

515... Equilibrium of, 518... Mul-

tiple, 521, and Appendix. Interior,

521... Appearance of, from Saturn,

522. Attraction of, on a point with-

in, 735. note.

Rising and setting of celestial objectsj

time of, 128.

Rittenhouse, his principle of collima-

tion, 178;

Rockets used as signals- for longitude,

1 545.
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Ihisse (Earl of), hisgreatveflector, 870.

8^2. Hisaccountofnebiila3,870.882.

Rotalion, diurnal, 58. Its effect on

fio-ure of the earth, 224. Of the

earth demonstrated, 231... Paral-

lactic, 68. Of planets, 509... Of

Jupiter, 512. Of fixed stars on their

a.xes, 820.

Riimker (Madame), her discovery ot

a comet, 597.

nussell, his charts and globe of the

moon, 437.

B.

Sadler, two sunrises and sunsets ob-

served by, in one day, 26.

Safford (Professor), his researches on

the proper motion of Sirius, 859. a.,

Note J.

Saros, 426.

Satellites of Jupiter, 511. Of Saturn,

518. 547. Nomenclature of, 54 8. note.

Hemarkable relation of periods

among, 550. Discovery of an

eighth, 548. Of Uranus, 523. 552.

Of Neptune, 524. 553. Used to de-

termine masses of their primaries,

532. Obey Kepler's laws, 533.

Eclipses of Jupiter's, 535... Longi-

tude determined by (see Longitude).

Relations among their motions, 542.

Other phsenomena of, 540. Their

dimensions and masses, 540. Dis-

covery, 544. Velocity of light as-

certained from, 545.

Saturn, remarkable deficiency of den-

sity, 508. Rings of, 514. (See

Rings.) Physical description of,

5 14. Satellites of, 547. and Appen-

dix, (See also elements in Appen-
dix.)

Schehallien, its attraction measured,

776. e.

Schmidt, his observations of solar

eclipses, 395.

Schubert (Gen.), his determination of

the dimetisions and figure of the

earth, 223. a.. Note D.
Schwabe, his discovery of periodicity

of solar spots, 394. a. Of excentri-

city of Saturn's rings, 519. note.

Sea, proportion of its depth to radius

of the globe, 31. Its actionjn mo-
delling the external form of the

earth, 227.

Seasons explained, 362... Tempera-
ture of, 366.

Sector, zenith, 192.

Secular variations, how detected, 385.

Explained, 655...

Selenography, 437.

Sextant, 193...

Shadow, dimensions of the earth's,422.

428. Cast by Venus, 267. Of J u-

piter's satellites seen on disc, 540.

Shooting stars, 1 1 5. Used for finding

longitudes, 265. Periodical, 900.

(See Meteors.)

Sidereal time, 110. 143. 910. Year.

(See Year.) Day, 144. (See Day.)

Signals, rocket, 545. Telegraphic,

259...

Signs of zodiac, 380.

Sirius,its parallax and absolute light,

818. Its revolution about an unseen

center, 859. Small companions of.

859. a.. Note J. Its recess from the

sun, do. 859. 6 h.

Situation, angle of, 311.

Solar cycle, 921.

Solstices, 363.

Space, question as to its absolute

transparency, 798.

penetrating power, 803.

Sphere, 95. Projections of, 280. At-

traction of, 735. note.

Spherical excess, 277.

Spheroid, attraction of, 238.

Spheroidal form of Earth (see Earth)

produces inequalities in the moon's

motion, 749.

Spots on Sun, 389... Seen with naked

eye, 387. 394. a. Size of, 386. Na-

t.ire of. 389. Movements of, 390,

Duration of, 394. Periodicity of,

394. a. Connection with our sea-

sons, 394. b.

Spring', proposed use of for determining

variation of gravity, 274.

Standards of length, weight, and ca-

pacity, 223. a.. Note D.

Stars, visible by day, 61. Fixed and

en-atic, 297, Fixed, 777.., Their

apparent magnitudes, 778... Com-
parison by an astrometer, 783. Law
of distribution over heavens, 785...

alike in either hemisphere, 794.

Parallax of certain, 815. Discs of,

816. Real size and absolute light,

817. Periodical, 820... Temporary,

827. Irregular, 830. Missing, 832.

Double, 833.,. Coloured, 851, and

rote. Proper motions of, 852. Ir-

regularities in motions accounted

for, 859. Clusters of, 864... Ne-

bulou,s, 879... Nebulous-double,

880.
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5'/ah"onan/ points of planets,'459. How
determined, 475. Of "JMercury and

Venus, 476.

Stereograms of the moon, 430. a., Note
H.

Stereographic projection, 281.

Sticklastad, eclipse of, 926. and Table,

933. c.

Stones meteoric, 899. Great shower

of, ib.

Struve, his researches on the law of

distribution of stars, 793. Discovery

of parallax of a Lyrse, 813. Cata-

logue and observations of double

stars, 835.

Strune (Otto), his researches on proper

motions, 854. His conjecture of the

increase in breadth of Saturn's ring,

522. a.

Style, old' and new, 932.

Sun, oval shape and great size on

lioiizoii explained, 47. Apparent
motion not uniform, 347. Beams
converging, 115. Orbit elliptic, 349.

Greatest and least apparent diame-

ters, 348. Actual distanre, 357.

Overrated, its probable correction.

357. a., -Note F. Magnitude, 358.

Rotation on axis, 359. 360. Note G.

387. cc. Mass, 449. Physical con-

stitution, 386. Spots, i6... Its par-

allax, 355. Light, not polarized,

387. note. Its interior envelope,

389. a. Its pores, 387, 3=7. a..

Note G. Willow-leaved struc ture

of its photosphere, ib. Faculse, 388.

Situation of its equator, 390...

Maculiferous zones of, 393. At-

mosphere, 395. Its rose-coloured

clouds, 395. Note O. 395. 6 b. Re-
lative illumination of center and
'borders, 386... 395. Temperature,

396. Expenditure of heat, 397.

Action in producing winds, &c. 399.

Speculation on cause of its heat,

400. and note, 905. a, b. Eclipses,

420. Density of, 449. Natural

center of planetary system, 462.

Distance, how determined, 479. Its

size illustrated, 526. Action in pro-

ducing tides, 751. Proper motion

of, 854... 858, a, b, c. Note L.

Absolute velocity of, in space, 858.

Central, speculations on, 861.

Sunsets, two witnessed in one day, 26.

Superposition of small inotions, 607.

Survey, trigonometrical nature of, 274.

Synodic revolution, 418. Of sun and

moon, ib.

System, solar, its motion in space,

858...

T.

Tails o? comets, spectra of, Note O.
395. dd.

Tangential force and its effects, 618.
Momentary action on perihelia, 673.

Wholly influential on velocity, 660.

Produces variations of axis, ib...

Double the rate of advance of lunar

apsides, 686. Of Neptune on
Uranus, and its effects, 774.

Telegraphic signals, 259...

Telescope, 54. Its application to as-

tronomical instruments, 117. For
'viewing the sun. (See Helioscope.)

Telescopic sights, invention of, 158.

note.

Temperature of earth's surface at diffe-

rent seasons, 366. In South Africii

and Australia, 369. Of the sun,

396.

Temporary stars, 827...

Tethys, 548. note.

Thales, eclipse of. 933. a. 926. Table.

Theodolite, 192. Its use in iurveying,

276.

Theory of instrumental errors, 141. Of
gravitation, 490... Of nebulous sub-

sidence and sidereal aggregation,

872.
_ ^

Thomson (Prof. Sir W.), his estimate

of the sun's expenditure of heat,

397. a. His theory of the source of

do., 905. a.

Tides, a system of forced oscillations,

651. Explained, 750... Priming

and lagging of, 753. Periodical in-

equalities of, 755. Instances of very

high, 756.

Tme, sidereal, 110. 327. 911. Local,

129. 152.252. Sidereal and solar,

140. Mean and apparent sidereal,

327. Measures angular motion,

149. How itself measured, 150...

Very small intervals of, 150. Eqm"-

noctial, 257. 925... Measures, units,

and reckoning of, 906... . Required

for light of stars to reach the earth,

802.

Titan, 548. note.

Tilim (Prof.), his lawof planetary dis-

tances, 505. note.

Torsion balance used to measure den-

sity of the earih, 776. i. Torsion

balance to measure the variation of

gravity. Note E.



753

TiatL winds, 239...

Tninsit instrument, 159...

Transits of btartJ, 15'2. Of planets
across the sun. 467. Of Venu>, 4"y

... Mercury, 483. Of Jupiter's satel-

lites across disc, 540. Of tlieir sha-
dows, 549.

Transparency of space, supposed by
Olbers impel feet, 798.

Transversal disturbing force, and its

effects, 615...

Triangles ilJ-conditioned, 275. On an
ellipsoid, 276.

Trigonometrical survey, 274.
Tropics, 93. 380.

Twilight, 44.

U.

Umbra in eclipses, 420. Of Jupiter
538.

Umbriel, 551.

Uiaiiograpky, 111. 300.

Uranographicul correciions, 342..,
Problems, 127... 309...

Vraiiometry, 118.

Uranus, discovery of, 505. Heat re-
ceived from sun by, 508. Physical
description ot; 523. Satellites of,

.^51. Perturbations of by Neptune,
760... Old observations of, 760.
Its periodic time, 776. Its action
on the November meteors, 905. hh.

V.

Vanishing point of parallel lines,

116. Line of parallel planes, 117.
Variation of the moon explained,

705...

Variations of elements, 053. Perio-
dical and secular, 655. Incident on
the epoch, 731.

Velocity, angular, of sun not uniform,
350. Linear, of sun not uniform,
351. Of planets. Mercury, Venus,
and Earth, 474. Of light, 545. Over-
estimated, its probahle correction,
357 a.. Note F. Of shootinpr stars,

889.904. OfSirius, Ni>te J. 859./W,.
Vemis, synodic revolution of, 4 72. Sta-

I ionary points, 476. Velocity of, 474.
Phases, 477. Poir.t of greatest
brightness, 478. Transits of, 479.

Physical description and appear-
a!ice, 509. Inequality in earth's

motion produced by, 726. In that
of the moon, 743...

Vernier, 97.

Fe;//ca/, prime, 102. Circles, 100.
Vesta, discovery of, 505.

I Via Lactea. ( See Galaxy.

)

Villarceaux (M. Yvon), h'is orbits of
double star.% 843.

Volca7ios, lauar, 430. a., Note H.

W.

Watersched, 289,

Watherson, his theory of the sun's
heat, 905. a.

Weight of bodies in different latitude.",
322. Of a body on the moon, 508*.

On the sun, 450
^heatstone, his measurement of the
velocity of electricitv, 545. His
method of stereographing the moon
437. a.. Note I.

WklppleMs photographs of the moon,
437.

Willow-leaved forms observed in the
sun's photosphere. 387. a.. Note G.

yyinds, trade, 240...
Witmecke (M.), his pi-oposal for ob-
servmg ilit parallax of Mars, 357. a
Note F.

Witte (Madame), her models of the
moon, 437.

Wolf, his period of the solar spots
394. a.

^

Wollaslon (Dr.), his estimate of the
comparative light of the iun, moon
and stars, 817...

Y.

Year, sidereal, 305. Tropical, 383
I Anomalistic, 384., and dav incom-

I

mensurable. 913. Leap, 914. O'
confusion, 917. 932. Beginning of.
in England changed, 932.

Z.

Zenith, 99. Sector, 192.
Zodiac, 305.

Zodiacal light, 899.
Zo7tes of climate and latitude, 382.
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love of perilous adveutiire, it is difficult, if not
impossible, to select isolated passages for special

commendation. The marvellous lucidity of ex-

pression, the fecundity of illustration, and the

penetrating observation which mark the con-

summate literary artist, are never absent from
the workmanship of Professor Ttndall
Those who look for pithy phrases, in which the

experience of a lifetime is condensed, will find

their taste gratified on every page of this

charming volume.' Globe.

WORKS BY JOHN TYNDALL, LL.D. F.R.S.

Professor of Natural Philosophy
^

in the Royal Institution of Great " Britain.

HOURS OF EXERCISE IN THE ALPS;
A Collection of Scattered Essays. Witli Seven "Woodcut Illustrations .by

E. "Whymper. Crown 8vo. price 12s. 6d.

' We strongly recommend tbo'se who are book, every page of which suggests matter

not familiar with the subject of Alpine cUmbing for fruitful meditation^ or kindles the mborn
from books to make the acquaintance under the

practical lead of Professor Tyndaix. There are

very few, we imagine, who possess better physi-

cal qualifications for genuine hard climbing,

and we know no one who is more completely

master of the art of description. Always clear,

telUng, and incisive, his style occasionally rises

into real eloquence ; and one may find scattered

over his pages bits of clever writing which satisfy

the most fastidious literary palate. The paper

describing his ascent of the Wbisshorn is perhaps

the most interesting of the collection. But in a

FRAGMENTS OF SCIENCE FOR UNSCIENTIFIC
PEOPLE; a Series of Detached Essays, Lectures, and Eeviews. Second

Edition, revised. 8vo. price 14s.

'To those who have had the advantage of nomena will peruse with great pleasure the

being present at the oral delivery of Professor present work, as it places them au courant with
TTNDAUCi's lectures, the printed record of them the most modem theories of scientific discovery,

is most welcome, as it revives impressions which Kew and young students will recognise a charm
at the moment were extremely forcible. Those of diction and accuracy of description which
who have never heard the lecturer will yet have will induce them to investigate the subject with
the pleasure of reading what possesses the fresh- an interest which another work might not have
ness of extempore delivery and the accuracy of inspired.' PAii Mail Gazette.
deliberate research. Old students of physical phe-

NOTES OF A COURSE OF NINE LECTURES ON
LIGHT, delivered at the Eoyal Institution of Great Britain, a.d. 1 869. Crown
Svo. price Is. sewed, or Is. 6d. cloth.

NOTES OF A COURSE OF SEVEN LECTURES ON
ELECTEICAL PHENOMENA AND THEOEEES, delivered at the Eoyal
Institution of Great Britain, a.d. 1870. Crown 8to. price Is. sewed, or Is. 6d. cl.

ESSAYS ON THE USE AND LIMIT OF THE IMAGI

-

NATION IN SCIENCE. Svo. price 3s.

HEAT A MODE OF MOTION.
Fourth Edition, with Alterations and Additions; a Plate and 108 "Woodcuts.

Crown Svo. price 10s. Qd.

SOUND:
A Course of Eight Lectures delivered at the Eoyal Institution of Great Britain.

Second Edition, revised; with a Portrait of M. Chladni, and 169 "Woodcut
Illustrations. Crown Svo. price 9s.

FARADAY AS A DISCOVERER.
New and Cheaper Edition, with Two Portraits. Fcp. Svo. price 3s. Qd.

RESEARCHES ON DlAMAGNETISM AND MAGNE-
CEYSTALLIC ACTION; including the Question of Diamagnotic Polarity.
"With Six Copper Plates and numerous "Woodcut Illustrations. Svo. price I'ls.

London: LONGMANS, GREEN, and CO. Paternoster Row.



ENCYCLOPAEDIAS AND DICTIONARIES.

M'CTILljOCH'S PICTIOIART OP COMMERCE AID Com-
mercial NAVIGATION. New Edition, revised and corrected tliroughout

;

with Supplements containing Notices or Abstracts of tlie New Tariffs for the
United States and Spain, and of our New Bankruptcy, Naturalisation, and
Neutrality Laws. Edited by Hugh G. Ekid. With Eleven Maps and Thirty
Charts. In One Volume, medium 8vo. price 63s.

KEITH JOMSTOI'S GEIERAL DICTIOIiRT .OE GEO-
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Keeper of Mining Records ; assisted by numerous Contributors eminent in

Science and familiar with Manufactures. With about 2,600 Engravings on Wood.
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Comprising the Definitions and Derivations of the Scientific Terms
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of British Architects. Additionally Illustrated with nearly 400 Engravings on
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